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Guide to Technical Sessions 
 
Wednesday, October 10, 2012 
10:00 a.m. Conference Room 150 Plenary Session I 
11:30 a.m. Conference Room 150 Reviews of Instruments on Past Missions:   
Lessons Learned/Visions for the New Generation of Instruments I 
1:35 p.m. Conference Room 150 Reviews of Instruments on Past Missions:   
Lessons Learned/Visions for the Next Generation of Instruments II 
6:00 p.m. Visitor’s Center Dinner Social:  Trip to Annapolis, Maryland 
 
Thursday, October 11, 2012 
8:30 a.m. Conference Room 150 Plenary Session II 
9:00 a.m. Conference Room 150 Instrumentation for In Situ Analysis Missions  
(Venus In Situ Explorer, Titan, etc.) I 
9:00 a.m. Conference Room 120A&B Instrumentation for the Next Generation of Orbiters I 
1:00 p.m. Conference Room 150 Instrumentation for In Situ Analysis Missions  
(Venus In Situ Explorer, Titan, etc.) II 
1:00 p.m. Conference Room 120A&B Instrumentation for the Next Generation of Orbiters II 
3:15 p.m. Conference Room 150 Human Space Flight Missions to Planetary Targets  
(Beyond Low Earth Orbit) with Science Outcomes (NEOs, Mars) 
5:00 p.m.   Poster Session 
Gallery 1 Instrumentation for Next Generation Orbiters 
Gallery 2 Instrumentation for In Situ Analysis Mission  
(Venus In Situ Explorer, Titan, etc.) 
Gallery 3 Technology for In Situ Analysis and Sample Return  
(Lunar, Mars, Comet Surface, NEOs, etc.) 
Gallery 4 Instrumentation for Descent Probes (Saturn, Uranus, etc.) 
Gallery 4 Instruments on Future Mars Landers  
(Exomars, NASA’s Reformulated Mars Program Missions, etc.) 
Gallery 4 Imaging, Cooling, Readout, and Onboard Processing Technology for 
Future Planetary Missions 
 (Lunar, Mars, Comet Surface, NEOs, etc.) 
 
Friday, October 12, 2012 
8:30 a.m. Conference Room 150 Plenary Session III 
9:00 a.m. Conference Room 150 Instrumentation for In Situ Analysis Missions  
(Venus In Situ Explorer, Titan, etc.) III 
9:00 a.m. Conference Room 120A&B Instrumentation on Future Mars Landers  
(Exomars, NASA’s Reformulated Mars Program Missions, etc.) I 
1:00 p.m. Conference Room 150 Instrumentation for In Situ Analysis Missions  
(Venus In Situ Explorer, Titan, etc.) IV 
1:00 p.m. Conference Room 120A&B Instrumentation on Future Mars Landers  
(Exomars, NASA’s Reformulated Mars Program Missions, etc.) II 
3:00 p.m.     Visitor’s Center                       Tour of NASA Goddard Space Flight Center 
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1:45 p.m. Hunter G. W. *   Ponchak G. E.   Dyson R. W.   Behiem G. M.   Scardelletti M. C.   Meredith R. D.   
Taylor B.   Beard S.   Kiefer W. S. 
Development of a High Temperature Venus Seismometer and Extreme Environment  
Testing Chamber [1133] 
 
2:00 p.m. Willis P. A. *   Stockton A. M.   Mora M. F.   Cable M. L.   Bramall N. E.   Jensen E. C.   Jiao H.   
Lynch E.   Mathies R. A. 
Planetary In Situ Capillary Electrophoresis System (PISCES) [1038] 
 
2:15 p.m. Brinckerhoff W. B.   Paulsen G.   Mellerowicz B.   ten Kate I. L.   Zacny K.   Conrad P.   
Corrigan C. M.   Li X.   Georgieva E.   Mahaffy P. R. 
Precision Subsampling System for Mars Surface Missions [1073] 
 
2:30 p.m. Aslam S.   Gronoff G.   Hewagama T.   Janz S.   Kotecki C. 
GaN-Based Detector Enabling Technology for Next Generation Ultraviolet  
Planetary Missions [1017] 
 
2:45 p.m. COFFEE BREAK 
 
 
HUMAN SPACE FLIGHT MISSIONS TO PLANETARY TARGETS (BEYOND LOW EARTH ORBIT) 
WITH SCIENCE OUTCOMES (NEOs, MARS) 
3:15 p.m.   Building 34 — Conference Room 150 
 
Chairs: Ernst Hauber 
  Shahid Aslam 
 
3:15 p.m. Evans C. A. *   Calaway M. J.   Bell M. S. 
GeoLab — A Habitat-Based Geoscience Laboratory for Human Exploration Missions [1028] 
 
3:30 p.m. Lewis R. *   Castillo-Rogez J. C.   Abell P. A.   Bass D. S.   Beaty D. W.   Colaprete A.   Hoffman S. J.   
Mazanek D. D. 
Instruments Needed for a Human Exploration Mission of Phobos and Deimos [1140] 
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3:45 p.m. Sternovsky Z. *   Horanyi M.   Gruen E.   Auer S.   Kempf S.   Drake K.   O’Brien L.   Xie J.   Srama R.   
Mocker A.   Postberg F. 
Improved Dust Detectors and Analyzers for Planetary Missions [1135] 
 
4:00 p.m. Farrell W. M. *   Marshall J. R.   Delory G. T. 
Electrostatic Charing Hazards Originating from the Surface (ECHOS) of Mars with Applications to 
Other Surface/Atmosphere Interfaces [1060] 
 
4:15 p.m. Rafkin S. *   Banfield D.   Dissly R.   Silver J.   Stanton A.   Wilkinson E.    
Massman W.   Ham J. 
An Instrument to Measure Turbulent Eddy Fluxes in the Atmosphere of Mars [1119] 
 
 
INSTRUMENTATION FOR THE NEXT GENERATION OF ORBITERS II 
1:00 p.m.   Building 34 — Conference Room 120A&B 
 
Chairs: Simon Calcutt 
  Emily Wilson 
 
1:00 p.m. Smith P. H. * 
Instrumentation on the Phoenix Mission [1061] 
 
1:25 p.m. Weimer C. *   Ramond T.   Dissly R. 
An Adaptive Lidar for Planetary Exploration [1150] 
 
1:40 p.m. Abshire J. B. *   Smith M. D.   Riris H.   Sun X. 
Mars Orbital Lidar for Global Atmospheric and Topographic Measurements [1027] 
 
1:55 p.m. Amzajerdian F. *   Busch G. E.   Edwards W. C.   Cianciolo A. D.   Munk M. M. 
Measurement of Mars Atmosphere Using an Orbiting Lidar Instrument [1092] 
 
2:10 p.m. Murchie S. L. *   Mustard J. F.   Bridges N. T.   Smith M. D.   Wolff M. J.   Clancy R. T.   
Arvidson R. E.   Ehlmann B. L.   Grant J. A.   Milliken R. E.   Pratt L. M.   Titus T. N.   Becker K. J.   
McGovern J. A.   Malaret E.   Winters H. 
Beyond MRO/CRISM:  A High Resolution Compositional Imager for Mars [1047] 
 
2:25 p.m. Campbell B. A. *   Grant J. A.   Plaut J. J.   Freeman A.   Eagle Discovery Team 
Orbital Imaging Radar for Mars [1098] 
 
2:40 p.m. Heaps Wm. S. *   Georgieva E. M. 
PLUME:  A Fast, High Precision Interferometer for Trace Gas Localization [1036] 
 
2:55 p.m. Wilson E. L.   Georgieva E. M.   Melroy H. R. 
Miniaturized Hollow-Waveguide Gas Correlation Radiometer (GCR) for Trace Gas Detection in the 
Martian Atmosphere [1056] 
 
3:10 p.m. COFFEE BREAK 
 
3:40 p.m. Deshpande M. * 
A Multi-Frequency Inverse Synthetic Aperture Radar (ISAR) Instrument to Explore the Internal 
Structure of Small Planetary Bodies [1131] 
 
3:55 p.m. Mehdi I. *   Gulkis S.   Allen M. A.   Schlecht E.   Chattopadhyay G. 
Submillimeter-Wave Spectroscopic Instruments: Multi-functional Atmospheric  
Characterization [1076] 
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4:10 p.m. Lakew B. *   Aslam S.   Brasunas J. C. 
Magnesium Diboride (MgB2 )-Based Bolometer Array for Far Infra-Red Thermal Imaging and Fourier 
Transform Spectroscopy Applications [1106] 
 
4:25 p.m. Cadu A. *   Devoto P.   Louarn P.   Sauvaud J.-A. 
Development of Grazing Incidence Devices for Space-Borne Time-of-Flight  
Mass Spectrometry [1034] 
 
4:40 p.m. Choo T. H. *   Murchie S. L.   Bedini P. D.   Nair H.   McGovern J. A. 
SciBox, an Integrated Instrument and Spacecraft Planning and Commanding System [1049] 
 
4:55 p.m. Vitelli M. *   Specht B.   Boquet F. 
A Process to Verify the Microvibration and Pointing Stability Requirements for the  
BepiColombo Mission [1023] 
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INSTRUMENTATION FOR NEXT GENERATION ORBITERS 
Gallery #1 
 
Brandt P. C.   Mitchell D. G.   Westlake J.   Mauk B. H.   Mauk C. P.   Krimigis S. M. 
Remote Energetic Neutral Atom (ENA) Imaging of Space Plasma and Neurtal Gas in Harsh Radiation 
Environments:  Applications to Jupiter [1160] 
 
Brown A. D.   Aslam S.   Chervenak J. A.   Huang W. C.   Merrell W. C.   Quijada M.   Steptoe-Jackson R.   
Wollack E. J. 
Radiation Hard Bandpass Filters for Mid- to Far-IR Planetary Instruments [1107] 
 
Brown A. J.   Titus T. N.   Byrne S.   Wolff M.   Videen G.   Colaprete A.   Applegate J.   Dissly R. 
Atmospheric/Surface Polarization Experiment at Nighttime (ASPEN) [1110] 
 
Collier M. R.   Keller J. W.   Shappirio M. D. 
A Neutral Atom Instrument for Io Observations and Other Planetary Applications [1032] 
 
Galuba G. G.   Köhler E.   Fabel O.   Meyer M.   Denk T.   Schmedemann N.   van Gasselt S. 
An X-Ray Fluorescence Spectrometer (XRF-J) Instrument for Geochemical Element Mapping of the  
Galilean Satellites [1068] 
 
Hewagama T.   Aslam S.   Jones H.   Kostiuk T.   Villanueva G.   Roman P.   Shaw G. B.    
Livengood T.   Allen J. E. 
Towards an Imaging Mid-Infrared Heterodyne Spectrometer [1125] 
 
Hosseini S.   Harris W. 
Introducing Tunable Special Heterodyne Spectrometers in Planetary Missions [1012] 
 
Korth H.   Strohbehn K.   Tejada F.   Andreou A.   Kitching J.   Knappe S. 
Miniature Absolute Scalar Magnetometer Based on the Rubidium Isotope 87Rb [1026] 
 
Morel X.   Techer J. D.   Berthomier M. 
A 3D Field-of-View Toroidal Space Plasma Analyzer with High Temporal Resolution [1066] 
 
Postberg F.   Briois C.   Cottin H.   Engrand C.   Grün E.   Hand K.   Henkel H.   Horányi M.    
Kempf S.   Lankton M.   Lebreton J.-P.   Schmidt J.   Srama R.   Sternovsky Z.   Thissen R.   Tobie G.    
Szopa C.   Zolotov M. 
Compositional Mapping of the Galilean Moons by Mass Spectrometry of Dust Ejecta [1099] 
 
Simoes F.   Pfaff R. F.   Hamelin M.   Beghin C.   Berthelier J.-J.   Chamberlin P.   Farrell W.   Freudenreich H.   
Grard R.   Klenzing J.   Lebreton J.-P.   Martin S.   Rowland D.   Yair Y. 
Schumann Resonance:  A Tool for Investigating Planetary Atmospheric Electricity and the Origin and Evolution of 
the Solar System [1052] 
 
Sittler E. C. Jr.   Cooper J. F.   Paschalidis N.   Coplan M. A.   Chornay D. J.   Sturner S. J.   Brown S. K.   
Hartle R. E.   Paterson W. R. 
Ion Mass Spectrometer Development for JEO Class Missions [1104] 
 
Sonnabend G.   Krause P.   Labadie L. 
Compact High-Resolution Infrared Heterodyne Spectrometer for Studying Planetary Atmospheres [1021] 
 
International Workshop on Instrumentation for Planetary Missions  xxvii 
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INSTRUMENTATION FOR IN SITU ANALYSIS MISSION  
(VENUS IN SITU EXPLORER, TITAN, ETC.) 
Gallery #2 
 
Austin D. E.   Zhang Z.   Hansen B. J.   Peng Y.   Hawkins A. R. 
Microfabricated Ion Trap Mass Spectrometers for Planetary Missions:  The Planar Paul Trap and the  
Coaxial Ion Trap [1154] 
 
Barnes J. W. 
Prospective Instrumentation for a Titan Airplane [1011] 
 
Blase R. C.   Brockwell T.   Miller G. P.   Westlake J.   Waite J. H. Jr. 
A Prolate Trochoidal Mass Spectrometer (PTMS) for Isotope Ratio Analysis [1102] 
 
Darrach M. R.   Madzunkov S.   Kidd R.   MacAskill J. A.   Chutjian A.   Simcic J.   Neidholdt E.   Sinha M.   Bae B.   
Tai Y. C. 
An Overview of Mass Spectroscopy Based Instrument Development at the Jet Propulsion Laboratory [1114] 
 
Getty S. A.   Dworkin J. P.   Glavin D. P.   Martin M.   Zheng Y.   Balvin M.   Southard A. E.    
Ferrance J.   Malespin C. 
OASIS:  Organics Analyzer for Sampling Icy Surfaces [1084] 
 
Gilbert J. A. 
Planetary Pickup Ion Composition Spectrometer [1123] 
 
Hodyss R. 
Fiber Optic Probes for Chemical Characterization of Titan’s Lakes [1088] 
 
Hodyss R.   Beauchamp P. M. 
Solid Phase Microextraction (SPME) Fibers for Preconcentration of Organics in Titan’s Lakes [1087] 
 
Kim K. J.   Amano Y.   Boynton W. V.   Klingelhöfer G.   Brückner J.   Hasebe N.   Hamara D.   Starr R. D.   
Lim L. F.   Ju G.   Fagan T. J.   Ohta T.   Shibamura E. 
An Active X-Ray Spectrometer Proposed for the SELENE-2 Rover [1078] 
 
Libardoni M.   Brockwell T.   Miller G.   Pickens K.   Blase R.   Patrick E.   Mandt K.    
Waite J. H.   Young D. T. 
Utilizing Comprehensive Two-Dimensional Gas Chromatography and Time-of-Flight Mass Spectrometry (GC×GC-
TOFMS) for In-Situ Analysis of Organic Material in Harsh Environments [1050] 
 
Mitchell D. G. 
2π-Steradian Energetic Ion Sensor [1159] 
 
Palomba E.   Longobardo A.   Dirri F.   Biondi D.   Zampetti E.   Pantalei S.   Bearzotti A.   Macagnano A.   Zinzi A.   
Saggin B.   Baggiani C. 
Thermogravimetry and Molecularly Imprinted Polymers as Tools for In-Situ Analysis of  
Planetary Environments [1077] 
 
Smrekar S. E.   Pauken M.   Morgan P. 
Measuring Heat Flow on Venus [1103] 
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Smrekar S. E.   Hudson T. L.   Morgan P. 
Instrumentation for Measuring Lunar Heat Flow [1108] 
 
Spohn T.   Grott M.   Knollenberg J.   van Zoest T.   Kargl G.   Smrekar S. E.   Banerdt W. B.   Hudson T. L. 
InSight:  Measuring the Martian Heat Flow Using the Heat Flow and Physical Properties Package (HP3) [1124] 
 
Trainer M. G.   Mahaffy P. R.   Stofan E. R.   Lunine J. I.   Lorenz R. D. 
Measuring the Composition of a Cryogenic Sea [1033] 
 
Walker C. C. 
On the Scientific Return of a Seismic Observing Package at the Icy Moons [1113] 
 
 
TECHNOLOGY FOR IN SITU ANALYSIS AND SAMPLE RETURN  




The Detection of Near Earth Objects [1020] 
 
Dreyer C. B.   Spear J. R.   Lynch K. L.   Johnson L.   Bauer A. J. 
Laser Induced Breakdown Spectroscopy as an In-Space Sample Return Canister Sterilization  
Method and Instrument [1112] 
 
Dreyer C. B.   Zacny K.   Anderson R. C.   Paulsen G. K.   Skok J.   Steele J. P. H.   Schwendeman J. 
The In Situ Automated Rock Thin Section Instrument (IS-ARTS) [1069] 
 
Wegel D.   Nuth J. III 
RApid SAmple Retrieval System (RASARS) for Comet Nucleus Sample Return [1024] 
 
Glavin D. P.   Malespin C. A.   ten Kate I. L.   Getty S. A.   Holmes V. E.   Mumm E.   Franz H. B.   Noreiga M.   
Dobson N.   Southard A. E.   Feng S. H.   Kotecki C. A.   Dworkin J. P.   Swindle T. D.   Bleacher J. E.    
Rice J. W.   Mahaffy P. R. 
Volatile Analysis by Pyrolysis of Regolith (VAPoR) for Planetary Resource Exploration [1015] 
 
Graham L. D.   Graff T. G. 
Moon and Mars Analog Mission Activities for Mauna Kea 2012 [1075] 
 
Jackson T. L.   Farrell W. M. 
Electrometry for Characterizing the Local Electrical Environment in Dynamic Regions While Avoiding  
Associated Hazards [1054] 
 
Lewis R.   Castillo-Rogez J. C.   Abell P. A.   Bass D. S.   Beaty D. W.   Colaprete A.    
Hoffman S. J.   Mazanek D. D. 
Instruments Needed for a Human Exploration Mission of Phobos and Deimos [1121] 
 
Li X.   Brinckerhoff W. B.   Managadze G. G.   Pugel D. E.   Corrigan C. M. 
Development of Laser Ablation Tine-of-Flight Mass Spectrometer for Future Mission and  
Planetary Research [1082] 
 
Malin M. C.   Ravine M. A.   Robinson M. S.   Roman M.   Miller D. 
Acquisition of Quantitative Metrics from Teleoperational Field Testing of a Lunar Rover [1115] 
 
Merkowitz S. M.   McGarry J. F.   Preston A. M. 
Next Generation Lunar and Planetary Laser Ranging [1016] 
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Namkung M.   Seo J. T. 
Surface-Enhanced RAMAN Spectroscopy for Astrobiology Exploration on Mars [1065] 
 
Robert O.   Gagnepain-Beyneix J.   Nebut T.   Tillier S.   Deraucourt S.   Hurst K.   Lognonne P.   Banerdt W. B.   
Mimoun D.   Bierwirth M.   Calcutt S.   Christenssen U.   Giardini D.   Kerjean L.   Laudet Ph.   Mance D.   Perez R.   
Pike T.   Roll R.   Zweifel P.   SEIS Team 
A Martian Very Broad Band (VBB) Seismometer [1156] 
 
van Amerom F. H. W.   Chaudhary A.   Short R. T.   Roman P.   Brinckerhoff W.   Glavin D.   Mahaffy P. 
Micro-Ion Traps for Detection of (Pre)-Biotic Organic Compounds on Comets [1040] 
 
 
INSTRUMENTATION FOR DESCENT PROBES (SATURN, URANUS, ETC.) 
Gallery #4 
 
Banfield D.   Dissly R. W. 
Planetary Polarization Nephelometer [1132] 
 
Krishnamoorthy D. 
Planetary Descent Probes: Polarization Nephelometer and Hydrogen Ortho/Para Instruments [1002] 
 
Herdrich G. 
MIRKA2: Small Re-Entry Demonstrator for Advanced Miniaturized Sensors [1083] 
 
Lloyd J. A.   Stackpoole M.   Venkatapathy E.   Yuhas D. E. 
A New, Non-Intrusive Ultrasonic TPS Recession Measurement Needed to Determine the Thermal Structure of the 
Upper Atmosphere of Venus, Saturn, Uranus or Neptune [1111] 
 
Saleh R. A.   Thurber C. H.   Kestay L. P. 
Multisensor Network Deployment Using Low Cost Delivery Space Vehicle [1153] 
 
 
INSTRUMENTS ON FUTURE MARS LANDERS  
(EXOMARS, NASA’S REFORMULATED MARS PROGRAM MISSIONS, ETC.) 
Gallery #4 
 
Arevalo R. Jr.   Brinckerhoff W. B.   van Amerom F. H. W.   Danell R. M.   Pinnick V.   Atanassova M.   Li X.   
Mahaffy P. R.   Cotter R. J.   MOMA Team 
Advancing the Technical Readiness of the MOMA Miniature Linear Ion Trap Mass Spectrometer [1085] 
 
Blaney D.  L.   Mouroulis P.   Green R. O.   Rodriquez J.   Sellar G.   Van Gorp B.   Wilson D. 
The Ultra Compact Imaging Spectrometer (UCIS) [1105] 
 
Coulter A. B.   Osinski G. R.   Dietrich P.   Tornabene L. L.   Banerjee N.   Daly M.   Doucet M.   Kerr A.   
Preston L. J.   Robert M.   Southam G.   Spray J. G.   Talbot M.   Taylor A.   Tremblay M. 
TEMMI:  A Three Dimensional Exploration Multispectral Microscope Imager for Future  
Planetary Missions [1081] 
 
Dietrich P.   Angelopoulos M.   Annan P.   Cottin P.   Daly M.   Dickinson C.   Doucet M.   Gellert R.   Hiemstra D.   
Nimelman M.   Osinski G. R.   Pollard W. H.   Redman D.   Tripp J. W.   Whiteway J. A. 
Canadian Science Instruments for Planetary Exploration [1094] 
 
Di Iorio T.   De Sanctis M. C.   Capria M. T.   Federico C.   Ammannito E.   De Angelis S.   Boccaccini A.   
Capaccioni F.   Carraro F.   Cerroni P.   Frigeri A.   Palomba E.   Piccioni G.   Battistelli E.   Coppo P.   Novi S.   
Mugnolo R.   Pirrotta S.   Salatti M.   De Astis G. 
A Miniaturized Imaging Spectrometer Embedded in a Drilling System: Ma_Miss [1097] 
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Gandhiraman R. P.   Beeler D.   Meyyappan M.   Khare B. N. 
Low Temperature Atmospheric Pressure Plasma Sterilization Shower [1058] 
 
Pinnick V. T.   van Amerom F. H. W.   Danell R. M.   Buch A.   Atanassova M.   Arevalo R. Jr.   Hovmand L.   
Brinckerhoff W. B.   Mahaffy P. R.   Cotter R. J.   MOMA Team 
Mars Organic Molecule Analyzer:  Performance of a Miniature Mass Spectrometer for In Situ Detection of  
Martian Organics [1080] 
 
Shirbhate A. A. 
Telecommunication Over Martian Surface [1004] 
 
Vizi P.   Horváth A.   Hudoba Gy.   Bérczi Sz.   Sík A. 
‘Lump Sugar and Salt Shaker’-Like Nano and Pico Space Devices and Robots [1122] 
 
Webster K. D.   Etiope G.   Drobniak A.   Schimmelmann A.   Pratt L. M. 
Measurement of Terrestrial Methane Concentrations Comparable to Proposed Methane Concentrations  
on Mars [1009] 
 
 
IMAGING, COOLING, READOUT, AND ONBOARD PROCESSING TECHNOLOGY  
FOR FUTURE PLANETARY MISSIONS 
Gallery #4 
 
Kenter A.   Kraft R.   Murray S. S.   Elvis M.   Garcia M.   Forman W.   Smith R.    
McCoy T.   Branduardi-Raymont G. 
CMOS Imaging X-Ray Spectroscopy for Planetary Science [1101] 
 
Li R.   Lin L.   Yan L.   Di K.   Meng X. 
Mobile Panoramic Multispectral Scanner (MPMS) — A New Ground-Based Stereo Panoramic Scanning System for 
Planetary Robotic Exploration [1059] 
 
Najafizadeh L.   Aslam S.   Cressler J. D. 
Operation of SiGe Reference Circuits Under Planetary Environmental Conditions [1117] 
 
Quilligan G.   Aslam S.   DuMonthier J. 
A Radiation Hardened by Design CMOS ASIC for Thermopile Readouts [1095] 
 
Saleh R. S.   Kirk R. L. 
Proposed Standards for Describing Space Imaging Systems Used for Planetary Mapping [1141] 
 
Zagarola M. V.   Hill R. W. 
Ultra Low Power Cryo-Refrigerator for Space [1043] 
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Friday, October 12, 2012 
PLENARY SESSION II 
8:30 a.m.   Building 34 — Conference Rooms 150/120A&B 
 
 
8:30 a.m. Simon-Miller A. A. * 
Science Questions and Broad Outline of Technology Needs of the Decade 2013–2022 [1046] 
 
 
INSTRUMENTATION FOR IN SITU ANALYSIS MISSIONS  
(VENUS IN SITU EXPLORER, TITAN, ETC.) III 
8:30 a.m.   Building 34 — Conference Room 150 
 
Chairs: Athena Coustenis 
  William Brinckerhoff 
 
9:00 a.m. Zacny K. *   Paulsen G.   Craft J. 
Sample Acquisition, Processing, and Transfer Enabling In-Situ Planetary Missions [1006] 
 
9:15 a.m. Myrick T. M. *   Pham T. T.   Kalanick M. F. 
Rock Core Capture and Caching Technique [1118] 
 
9:30 a.m. Liu B. *   Liu J. Z.   Zhang G. L.   Ling Z. C.   Zhang J.   He Z. P.   Yang B. Y. 
Reflectance Conversion Methods for the VIS/NIR Imaging Spectrometer (VNIS) Aboard the Chang’E-3 
Lunar Rover:  A Preliminary Investigation [1007] 
 
9:45 a.m. Núñez J. I. *   Farmer J. D.   Sellar R. G. 
The Multispectral Microscopic Imager:  A Compact, Contact Instrument for the In Situ Petrologic 
Exploration of Planetary Surfaces [1158] 
 
10:00 a.m. COFFEE BREAK 
 
10:30 a.m. Dickinson C. S. *   Gellert R.   Dietrich P.   Hiemstra D. 
APXS on Mars Science Laboratory — First Results from Post-Landing Checkout [1035] 
 
10:45 a.m. Klingelhöfer G. *   Schröder C.   Blumers M.   Morris R. V.   Bernhardt B.    
Brückner J.   Lechner P. 
MIMOS IIA — A Combined Mössbauer and X-Ray Fluorescence Spectrometer for the In-Situ Analysis 
of the Moon, Mars, Asteroids and Other Planetary Bodies [1079] 
 
11:00 a.m. Parsons A. M. *   Bodnarik J. G.   Evans L. G.   McClanahan T. P.   Namkung M.   Nowicki S. F.   
Schweitzer J. S.   Starr R. D.   Trombka J. I. 
High Sensitivity Subsurface Elemental Composition Measurements with PING [1089] 
 
11:15 a.m. Cho Y. *   Miura Y. N.   Sugita S. 
Development of a Laser Ablation Isochron K-Ar Dating Instrument for Landing  
Planetary Missions [1093] 
 
11:30 a.m. Anderson F. S. *   Waite J. H.   Pierce J.   Zacny K.   Miller G.   Whitaker T.    
Nowicki K.   Wilson P. 
An In-Situ Rb-Sr Dating and Life Detection Instrument for a MER+ Sized Rover:   
A MSR Precursor [1152] 
 
11:45 a.m. Lawrence D. J. *   Peplowski P. N.   Elphic R. C.   Goldsten J. O.   Tyagi K. T. 
Miniature Nuclear Spectrometers for Measuring Surface Composition and Near-Surface  
Composition Stratigraphy [1096] 
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12:00 p.m. LUNCH 
 
 
INSTRUMENTATION ON FUTURE MARS LANDERS  
(EXOMARS, NASA’S REFORMULATED MARS PROGRAM MISSIONS, ETC.) I 
9:00 a.m.   Building 34 — Conference Room 120A&B 
 
Chairs: Simon Calcutt 
  Terrance Doiron 
 
9:00 a.m. Grant J. A. *   Leuschen C. J.   Russell P. S. 
The Strata Ground Penetrating Radar: Constraining the Near Surface Properties of  
Solar System Bodies [1003] 
 
9:15 a.m. Grimm R. E. * 
Low-Frequency Elecromagnetic Methods for Multi-Scale Subsurface Planetary Exploration [1031] 
 
9:30 a.m. Ciarletti V. *   Clifford S. M.   Plettemeier D.   LeGall A.   Biancheri-Astier M. 
The NetStation GPR:  A Tool for Conducting Lander-Based 3-D Investigations of Planetary 
Subsurface Structure, Stratigraphy, and Volatile Distribution [1053] 
 
9:45 a.m. Ciarletti V. *   Plettemeier D.   Clifford S. M.   Cais P.   Herique A.   Kofman W.   Hamran S. E. 
WISDOM a GPR for the ExoMars Rover Mission [1126] 
 
10:00 a.m. COFFEE BREAK 
 
10:30 a.m. Mahaffy P. R. *   Cabane M.   Webster C. R.   Atreya S. K.   Conrad P. G. 
Exploration of the Habitability of Mars with the SAM Suite on the Curiosity [1063] 
 
11:00 a.m. Quinn R. C. *   Ricco A. J.   Ehrenfreund P.   Grunthaner F.   Santos O.   Zent A.    
Hines J. W.   Agasid E. 
Reactivity Analyzer for Soil, Ices, and Regolith [1127] 
 
11:15 a.m. Kounaves S. P. *   Bayer J. M.   McElhoney K. M.   O’Neil G. D.   Hecht M. H. 
CHEMSENS:  A Wet Chemical Analysis Laboratory for Mars [1010] 
 
11:30 a.m. Beaty D. W. *   Allwood A. C.   Bass D. S.   Feldman S. 
An Analysis of the Instruments Needed to Carry Out the Function of Identifying and Documenting the 
Samples for Potential Return to Earth via MSR [1147] 
 
11:45 a.m. LUNCH 
 
 
INSTRUMENTATION FOR IN SITU ANALYSIS MISSIONS  
(VENUS IN SITU EXPLORER, TITAN, ETC.) IV 
1:00 p.m.   Building 34 — Conference Room 150 
 
Chairs: Paul Mahaffy 
  William Brinckerhoff 
 
1:00 p.m. Kohout T. *   Britt D.   Cuda J.   MSM Team 
Magnetic Susceptibility Meter for Planetary Regolith Composition Studies (MSM) [1051] 
 
1:15 p.m. Carr C. E. *   Ruvkun G.   Zuber M. T. 
Beyond RNA and DNA:  In-Situ Sequencing of Informational Polymers [1136] 
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1:30 p.m. Hu Z. W. * 
Phase Contrast X-Ray Micro-Imaging:  A Potentially Powerful Tool for In Situ Analysis and Sample 
Return Missions from Mars, Asteroids, Comets, and the Moon [1148] 
 
1:45 p.m. Wang A. *   Lambert J. L. 
Characterization of Planetary Surface Materials by In Situ Laser Raman Spectroscopy [1157] 
 
2:00 p.m. Howe S. D. *   O’Brien R. C.   Howe T. M.   Stoots C. M. 
Compact, Low Specific-Mass Electrical Power Supply for Space Exploration [1025] 
 
2:15 p.m. Tokutake H. *   Kuribara M.   Yuasa Y.   Tanimoto K.   Seki H.   Suzuki T. 
Attitude Sensing System Using Photodetectors [1022] 
 
2:30 p.m. Allwood A. C.   Hodyss R. *   Wade L. 
Micro-XRF:  Elemental Analysis for In Situ Geology and Astrobiology Exploration [1138] 
 
 
INSTRUMENTATION ON FUTURE MARS LANDERS  
(EXOMARS, NASA’S REFORMULATED MARS PROGRAM MISSIONS, ETC.) II 
1:00 p.m.   Building 34 — Conference Room 120A&B 
 
Chairs: Michael Amato 
  Terance Doiron 
 
1:00 p.m. McCuistion D. * 
Update on the Reformation of the Mars Program Missions 
 
1:30 p.m. DeWitt R. *   McKeever S. W. S.   Lamothe M.   Huot S.   Bell A.   Vila M.   Zacny K. 
A Mars In-Situ Luminescence Reader for Geochronology, Mineral Identification,  
and Radiation Measurements [1019] 
 
1:45 p.m. Steininger H. *   Steinmetz E.   Martin D. K.   Lustrement B.   Goesmann F.   Brinckerhoff W. B.   
Mahaffy P: R.   Raulin F.   Cotter R. J.   Szopa C. 
Mars Organic Molecule Analyzer (MOMA) Onboard ExoMars 2018 [1116] 
 
2:00 p.m. Chen Y. *   Onstott T. C.   Lehmann K. K.   Tang Y.   Yang S. L.   Morey P.   Mahaffy P.   Burris J.   
Sherwood Lollar B.   Lacrampe-Couloume G. 
Measurement of the 13C/12C of Atmospheric CH4 Using Near-IR  
Cavity Ring-Down Spectroscopy [1109] 
 
2:15 p.m. Johnson P. V. *   Hodyss R.   Beauchamp J. L. 
Mars Atmospheric Pressure Ionization (MAPI) of Biomarkers for Mass Spectrometry [1048] 
 
2:30 p.m. Banfield D. *   Dissly R. W. 
Mars Acoustic Anemometer [1090] 
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Friday, October 12, 2012 
TOUR OF NASA GODDARD SPACE FLIGHT CENTER 
3:00 p.m.   Visitor’s Center 
 
All tours will start at the Visitor’s Center and the Science on a Sphere Globe Theater, with a 30-minute show (limit: 
60 attendees). From there, attendees will then go to one of the following:  
• Integration and Test Facilities including the James Webb Space Telescope hardware (limit: 20 attendees) 
• Earth Science Control Centers and Lunar Reconnaissance Orbiter Operations (limit: 20 attendees) 
• Satellite Servicing Facility (aka Robotics) (limit: 20 attendees) 
 
Unfortunately, there will not be time to tour all three sites. 





THE DETECTION OF NEAR EARTH OBJECTS 
T. Abay, Addis Ababa institute of Technology,AAiT, Ethiopia (tesfaykehase@gmail.com) 
Abstract: Near-Earth Objects (NEOs) are comets and asteroids that have been nudged by the 
gravitational attraction of nearby planets into orbits that allow them to enter the Earth's 
neighborhood. Composed mostly of water ice with embedded dust particles, comets originally 
formed in the cold outer planetary system while most of the rocky asteroids formed in the 
warmer inner solar system between the orbits of Mars and Jupiter. The scientific interest in 
comets and asteroids is due largely to their status as the relatively unchanged remnant debris 
from the solar system formation process some 4.6 billion years ago. The giant outer planets 
(Jupiter, Saturn, Uranus, and Neptune) formed from an agglomeration of billions of comets and 
the left over bits and pieces from this formation process are the comets we see today. Likewise, 
today's asteroids are the bits and pieces left over from the initial agglomeration of the inner 
planets that include Mercury, Venus, Earth, and Mars.  
 Many techniques for deflecting asteroids away from collision with Earth have been proposed, 
including nuclear explosions, nuclear powered ion propulsion, solar sails, mass drivers, gravity 
tugs, and more exotic technologies. However, deflection by simple impact, were it demonstrated 
to be viable for large asteroids, would have important advantages over other proposals: it would 
require no new technologies and would likely be the least costly, least risky, and fastest to effect. 
It would also be far less politically difficult to develop and test than any option involving nuclear 
warheads. This article presents realistic models for kinetic energy impact deflection, using the 
actual orbital elements of 795 catalogued Potentially Hazardous Asteroids (PHAs). The authors 
take asteroid diameter, density, crate ring, and Earth-collision warning (lead) time as parameters 
whose influence is to be investigated. As the catalogue of the Near-Earth Object (NEO) 
population orbits expands, lead times for any discovered Earth-colliding objects are likely to be 
one or two centuries, the time horizon out to which NEO orbits may typically be reliably 
projected. Simple impact deflection is then a viable strategy even for kilometer-diameter 
asteroids. With an average interval of about 100 years, rocky or iron asteroids larger than about 
50 meters would be expected to reach the Earth's surface and cause local disasters or produce the 
tidal waves that can inundate low lying coastal areas. Given several years warning time, existing 
technology could be used to deflect the threatening object away from Earth. The key point in this 
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mitigation process is to find the threatening object years ahead of time so that an orderly 
international campaign can be mounted to send spacecraft to the threatening object. One of the 
techniques suggested for deflecting an asteroid includes. 
 A standoff nuclear explosion produces a change in the momentum of an asteroid primarily by 
means of material that is evaporated or spalled (by rapid thermal expansion) from its surface due 
to the deposition of energy. This energy is transmitted from the explosion mostly by means of 
neutrons and X- rays. For typical nuclear bombs, around 70% of the energy is delivered as X- 
rays. A neutron bomb (enhanced-radiation device) uses a mixture of deuterium (hydrogen 2) and 
tritium (hydrogen 3) as the thermonuclear material. This combination releases 80% of its fusion 
energy as neutrons.  
The values for porous and nonporous material are almost equal above 100 MJ/kg, but the value 
for porous material falls off sharply below about 5 MJ/kg. An approximate fit of an empirical 
function to Holsapple’s data for 50% porosity produced the following for specific momentum pm 
(average blow-off velocity) as a function of specific energy Em, 
𝑝
𝑚(𝐸𝑚)                               =              𝐸𝑚
4.6𝑀𝐽𝑀𝐽 𝐾𝑔� +( 𝐸𝑚2.87𝐾𝐽 𝐾𝑔� )10     If 𝐸𝑚≤4.904𝑀𝐽 𝐾𝑔�  or 
1.00�𝐸𝑚exp {−2.38[1 + � 𝐸𝑚
9.55𝐾𝑗 𝐾𝑔� )4]−1 4� �       𝑖𝑓𝐸𝑚 > 4.904𝑀𝐽 𝐾𝑔   �          
An accurate computation of the deposition of energy from neutrons in the surface material of an 
asteroid would follow the neutrons and any particles produced in their interactions with atomic 
nuclei, as the neutrons and the other particles interact with the nuclei.  
                        𝑚𝐴 = 150 kg/m2 = 15 g/cm2            
Finally, the results of these computations were approximated by the following simple empirical 
functions: 
𝜀(𝛼) = 0.06 + 0.02 cos𝛼                  
                                                  𝛿(𝛼) = 3.1 − 1.0𝛼2                          
If the same ratios hold between the square of asteroid diameter, the square of explosion distance, 
and the energy of the explosion, then the same energy density exists on corresponding points on 
the asteroid, so that the deflection momentum also scales as the square of the diameter. In order 
to investigate how these ratios change relative to each other, computations were done using the 
information, and the total momentum p produced can be obtained as follows: 
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 𝑃 = ∫ 2𝜋𝑅2𝜃𝑚𝑎𝑥0  sin 𝜃 cos 𝜃 cos𝛼𝛿(𝛼)𝑚𝐴 𝑝𝑚(𝐸𝑚)𝑑𝜃                    
 Where, 𝑟2  = 𝑅2 + (𝑅 + ℎ)2 − 2𝑅(𝑅 + ℎ) cos𝜃 
                sin∅ = 𝑅 sin𝜃
𝑟
 
                    α= Ө + ф  cos 𝜃𝑚𝑎𝑥 = 𝑅
𝑅 + ℎ 
        𝐸
𝑚=
𝐸𝜀(𝛼)
4𝜋𝑟2𝑚𝐴𝛿(𝛼)           
Kinetic impact deflection entails one or more missions in which a conventional spacecraft launch 
vehicle delivers a payload of inert mass onto a trajectory to impact the threatening asteroid with a 
relative impact velocity typically 10–30 km/s. These ejecta act as propulsion for the asteroid, 
imparting momentum in addition to the momentum impulse of the impactor itself. 
The Gravity Tractor (GT) is a fully controlled asteroid deflection concept using the mutual 
gravity between a robotic spacecraft and an asteroid to slowly accelerate the asteroid in the 
direction of the "hovering" spacecraft. Ion engines would be utilized for both the rendezvous 
with the asteroid and the towing phase. The orbit of the asteroid is continuously monitored 
throughout the deflection process and the end state is known in real time. Of note is the fact that 
the available towing force is determined entirely by three parameters, the masses of the asteroid 
and the GT and the hovering distance from the asteroid center of mass. 
 
This is specified by the equation; 
𝑇 = 𝑀𝐺𝑚 𝑑2�                                                                                   
Where G is the universal gravitational constant, M is the asteroid mass, m is the GT mass, and d 
is the distance between the two centers of mass. The acceleration of the asteroid during the 
towing maneuver is then simply; 
∆𝑉 𝑠𝑒𝑐� = 𝐺𝑀𝑚 𝑑2 �                                                                    





Mr.Tesfay Kehase Abay 
Addis Ababa Institute of Technology,AAiT 
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Mars Orbital Lidar for Global Atmospheric and Topographic Measurements  
James B. Abshire, Michael D. Smith, Haris Riris, Xiaoli Sun 
NASA-Goddard, Solar System Exploration Division, Greenbelt MD 20771, James.B.Abshire@nasa.gov 
Summary submitted to: 
 The International Workshop on Instrumentation for Planetary Missions - July 6, 2012 
 
1. Introduction: We are conducting studies on an 
atmospheric lidar for Mars climate measurements.  
Our work is developing a preliminary design and 
performance estimates for a direct detection lidar 
(Fig. 1) that continuously measures atmospheric 
backscatter profiles, depolarization profiles, 
Doppler shift (wind profiles) and column water 
vapor. These measurements directly address high 
priority needs for Mars as identified in the Chapter 
6 of the 2011 Planetary Decadal Survey, as well as 
strategic knowledge gaps recently identified in 
NASA’s reformulated Mars program. 
       The targeted lidar is MOLA instrument-sized 
(a ~80 cm cube, Fig 2) that uses the direct 
detection technique.  The dust, ice and Doppler 
measurements will be made at 532 or 1064 nm. 
The water vapor profiles will be measured with a 
wavelength-shifted output of the laser that is tuned 
on- and off- a water vapor (WV) absorption line in 
the NIR-IR. The time of flight of the surface echo 
pulse can be used to measure surface height. We 
are planning on using a Nd:YAG laser, a ~50-70 
cm receiver telescope  and detectors with high 
sensitivity and TRL.   
 
	  
Fig 1- Measurement Concept 
 
2. Mars atmosphere and needed measurements:  
Although considerable progress has been made, 
knowledge of the present Mars atmosphere is limited 
by a lack of observations in several key areas 
including diurnal variations of aerosols, water vapor 
and direct measurements of wind velocity [1]. For 
example, both MGS and MRO observed only 
afternoon and early morning local time.  Both dust and 
water ice aerosols are pervasive in the Mars 
atmosphere. Dust interacts strongly with IR radiation 
causing large changes in the thermal structure and 
acting as a driver of atmospheric motions at all spatial 
scales. Water ice clouds play an important role in the 
water cycle altering the global transport of water 
vapor. The limited local time coverage of observations 
to date has shown large changes in the amount and 
vertical distribution of dust and ice aerosols and 
water vapor. However, existing observations do not 
allow the full diurnal cycle of water vapor, dust and 
ice aerosols to be characterized.  
      Winds on Mars also play a fundamental role, yet 
basic questions still remain about the 3-D wind 
structure and how it changes with local time, 
location, and season. Despite low atmospheric 
density, the winds are often strong enough to raise 
large amounts of dust from the surface, and at times 
the planet can become almost completely enshrouded 
in it. The winds transport water vapor, dust and ice 
aerosols, and mix all atmospheric gaseous 
constituents. Winds regulate the transfer of water 
vapor and heat throughout the atmosphere and are a 
primary player in all surface-atmosphere interactions. 
Wind velocities provide sensitive input and 
validation for Global Circulation Models (GCMs), 
and knowledge of winds is of critical for the safety 
and precision of spacecraft entry, descent and landing 
(EDL). Despite the importance of winds on Mars, 
presently there are only a few direct observations of 
them [2], and indirect inferences are often imprecise 
and contain many assumptions.  
 
 
Fig 2- MOLA lidar flown on MGS 
 
      New observations by an orbital lidar can give 
simultaneous measurements of water vapor column 
density along with dust and ice aerosol vertical 
profiles over a full range of local times, providing a 
self-consistent description of the water cycle over the 
entire diurnal cycle and its relationship to dust. Direct 
lidar measurements of height resolved wind 
velocities would provide a new and critical dataset. 
Together, these observations would allow 
significantly improved EDL modeling and would 
provide a powerful new tool for understanding many 
important processes in the atmosphere, including 
circulation patterns, waves, radiative balance, the 
transport, sources and sinks of trace gases. 
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3. Lidar measurements of planetary atmospheres: 
This approach builds on several successful space lidar 
missions and instruments. Orbital lidar have been used 
to make uniquely valuable measurements of vertically 
resolved scattering in the Earth’s atmosphere. The 
Calipso Mission [3] has made nearly continuous 
measurements of vertically and polarization-resolved 
scattering at both 532 and 1064 nm from Earth orbit 
over a 6-years. During its Campaign 2a, the GLAS 
lidar on ICESat [4] also measured atmospheric 
backscatter profiles with a photon counting receiver at 
532 nm, which demonstrated even higher backscatter 
sensitivity [5]. 
     Scattering in the Mars atmosphere has been 
measured with lidar on two missions. The MOLA 
investigation [6] on MGS also recorded and analyzed 
backscatter and attenuation from globally distributed 
clouds and dense aerosols [7]. The Phoenix lander 
mission also carried a highly successful lidar that 
measured atmospheric backscatter profiles and falling 
precipitation from a fixed surface location [8,9]. 
    ESA is currently completing a wind lidar for Earth 
orbit [10], and an airborne version has been 
demonstrated [11]. These measure the Doppler shift of 
the height resolved backscatter along the laser’s line-
of-sight with a UV laser and dual-interferometer-based 
receiver.  Airborne lidar have been used to measure 
atmospheric water vapor profiles [12]. Airborne lidar 
measurements of column CH4 density have been 
demonstrated recently (see Fig. 3) using the IPDA 
technique [13].  All of these lidar have used diode-
pumped Nd:YAG lasers and direct detection receivers. 
 
Table 1 – Mars orbital lidar nominal parameters. 
Nominal Orbit:   Polar, Circular, 400 km alt. 
Viewing angle:  20-30 degrees off-nadir 
Prime measurements: • Backscatter profiles 
(along line-of-sight) • De-polarization profiles 
   • Profiles of Doppler shift 
   • WV column absorption 
Atmos. profile resolution   ~ 1 km in height 
Laser type:  Nd:YAG + λ- converters 
Telescope diameter: 50-70 cm 
Receiver approach:  Direct Detection 
 
4. Lidar approach:  Our approach is to use a narrow 
linewidth laser that operates with modest energy at 
kHz pulse rates.  A doubler will be used to generate 
532 nm for the aerosol and Doppler measurements. A 
seeded wavelength down-converter is used to generate 
NIR radiation that will be rapidly tuned on and off a 
water vapor line for IPDA measurements. The receiver 
uses a beam splitter to separate the wavelengths and an 
optical interferometer to resolve the Doppler shift in 
the backscatter profiles.  Figure 4 shows an instrument 
diagram and some parameters are in Table 1. More 
details will be given in the presentation. 
 






















Figure 3- Airborne lidar measurements of CH4 line shape 
in column from 10 km to surface [13]. 
 
	  
Figure 4 – Mars orbital lidar measurement approach  
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MICRO-XRF: ELEMENTAL ANALYSIS FOR IN SITU GEOLOGY AND ASTROBIOLOGY 
EXPLORATION.  Abigail Allwood1 and Robert Hodyss1, Lawrence Wade1, 1California Institute of Technology, 
Jet Propulsion Laboratory, 4800 Oak Grove Dr, Pasadena, CA, USA. Abigail.C.Allwood@jpl.nasa.gov 
 
 
Introduction:  The ability to make close-up meas-
urements of rock chemistry is one of the most funda-
mental tools for astrobiological exploration of Mars 
and other rocky bodies of the solar system. When con-
ducting surface-based exploration, lithochemical 
measurements provide critical data that enable inter-
pretation of the local geology, which in turn is vital for 
determining habitability and searching for evidence of 
life. The value of lithochemical measurements for geo-
logical interpretations has been repeatedly demonstrat-
ed with virtually every landed Mars mission over the 
past four decades. 
However, the current generation of flight instru-
ments is limited in terms of ability to resolve the com-
position of small scale features and textures in the 
rocks, which is critical for detailed geological and 
astrobiological interpretations. At present, elemental 
chemistry measurements involve either spatially ho-
mogenized bulk elemental data across a 17mm diame-
ter circle (APXS on Mars Science Laboratory) or sin-
gle spot analyses from a mast-mounted camera meters 
from the target (ChemCam on Mars Science Laborato-
ry). While these instruments provide valuable data, 
they are limited in their capacity to provide infor-
mation about the relationship of rock composition to 
small scale textures, fabrics and structures. Under-
standing these relationships is crucial for resolving 
many critical planetary science questions, particularly 
those involving the search for, and analysis of, micro-
bial biosignatures. If Mars science is to address such 
questions of astrobiological interest, more sophisticat-
ed investigations using detailed, spatially resolved in 
situ measurements are required.  
On Earth, new lightweight, compact technologies 
enable high spatial resolution analysis of elemental 
chemistry using X-ray fluorescence (XRF). A key 
technical advance is the development of capillary op-
tics that allow X-rays to be focused down to a narrow 
beam, which can be used to perform highly localized 
XRF measurements of elemental chemistry. Some in-
struments scan the beam across a sample to produce 
maps of element distribution at millimeter to centime-
ter scales. The technology required to produce results 
is inherently compact, lightweight and robust, which 
begs the question: can this revolutionary capability be 
developed for use on landed planetary missions? 
Here we present initial results from a miniaturized 
micro-focus XRF breadboard instrument that we de-
veloped for potential flight on future rover or lander 
missions. Significantly, the first results from the 
breadboard demonstrate that this instrument is capable 
of determining the elemental composition of rocks 
(elements Na-U) with sub-millimeter spatial resolu-
tion, and can acquire spectra in a few seconds to two 
minutes (compared to 15 mins to >2hrs for APXS). 
The advantages of this high spatial resolution and fast 
acquisition are (1) the ability to analyze the chemistry 
of small features such as individual grains and lamina-
tions, and (2) the ability to perform a large number of 
geological analyses within a relatively short time. Both 
of these capabilities would lead to a far more detailed 
understanding of local geology than possible with ex-
isting flight instruments. This level of knowledge is 
crucial for determining where biosignatures are most 
likely to occur and for acquiring the necessary contex-
tual information to interpret any potential biosignatures 
that are detected.  
Instrument description: Multiple breadboard in-
struments have been built over the past two years, to 
explore science and engineering trades. The final ver-
sion of the breadboard instrument incorporates a novel, 
tightly focused x-ray tube and high voltage power sup-
ply (HVPS) developed by Moxtek Inc. that provides up 
to 200 µA at 10 to 50 keV.  The anode material is Ag.  
This x-ray tube was integrated with a custom 
polycapillary optic developed by XOS Inc. and then 
integrated with optical camera, fiducial laser and 
Amptek x-ray detector to form the breadboard Micro-
XRF shown in Figure 1. The total mass of the com-
plete breadboard instrument is only 2.76 kg including 
mounting hardware, mounting plate, shielding, camera, 
laser, etc. 
The mass of the breadboard x-ray source is ~500g 
including the high voltage power supply. Most of that 
mass is brass shielding of the source, which is part of 
the commercial packaging for human shielding and 
unnecessary for flight. The x-ray tube anode focal spot 
demonstrated an elliptical cross-section with a full 
width half maximum (FWHM) minor axis width of 65 
microns and a major axis width of 120 microns. 
Moxtek anticipates significantly reducing the ellipticity 
of the anode spot with further development. 
The breadboard includes an Amptek Silicon Drift 
Detector (SDD) that draws 2.5 watts and has a resolu-
tion of 135 to 155 eV FWHM at 5.9 keV. It weighs 
180 g including the preamplifier, digital pulse proces-
sor, multichannel analyzer, the detector and preamp 
power supplies, and packaging. The Amptek detector 
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has substantial flight heritage and was part of several 
flight versions of the APXS instrument (including 
those flown on Pathfinder, MER and MSL). 
Rock samples are positioned relative to the instru-
ment by a three-axis arm whose position is controlled 
by closed-loop translators (mimicking the movement 
of the robotic arm of a rover relative to the rock). The 
distance from the source to the detector is calculated 
from the position of a focused laser beam on the sam-
ple as imaged by a camera. Using this system we 
achieved better than 50 micron accuracy in measuring 
the distance from the x-ray source to the sample sur-
face. 
Sample analyses: Standards and natural rock sam-
ples were analyzed to test the breadboard instrument 
performance. USGS basalt glass standards BIR-1G and 
BHVO-2G were analyzed to evaluate the instrument’s 
speed and detection sensitivity. The major elemental 
components (Si, Al, Ca, Fe, S, K, Mn etc) were detect-
ed in just one second. With longer integration times of 
30-300 seconds the instrument was able to detect heav-
ier trace elements, such as Zr, Sr, Ni and Cu, present at 
~100 ppm (Fig 2). Note that figure 2 shows raw data: 
no processing such as continuum removal, tube line 
removal, or escape peak removal was performed. The 
fluoresced signal was substantially absorbed by air and 
therefore the detected signal is significantly less than 
would be observed in vacuum or in a martian atmos-
phere. With more sophisticated processing of data col-
lected under vacuum, it is expected that confident de-
tection of trace elements to 10 ppm will be achieved. 
A suite of rock samples was also analyzed to assess 
the instrument’s ability to differentiate the composition 
of small geological features (Fig 2-4).  The samples 
included a 3.4 billion yr-old dolomite-chert 
stromatolite with 1-3mm laminae, and an altered tuffa-
ceous mudstone-sandstone with clasts, veins and beds 
from ~2 to ~12mm. If rocks such as these were en-
countered on another planet, the composition of these 
small scale features would need to be understood in 
order to properly interpret the rock—a bulk analysis 
alone would lead to ambiguous interpretation.  
The samples were cut with a diamond saw to create 
a flat but slightly rough face akin to the abraded sur-
face produced by a Rock Abrasion Tool or similar. On 
each sample, a linear transect survey was conducted on 
the cut face, with 1mm spacing between analyses along 
a 2-3cm line (beam diameter at each point ~100 mi-
crons). Acquisition time at each point was 120s. On 
each sample, spectra showed distinct variation as the 
beam traverse across the small visible features in the 
rock.  The series of spectra from the stromatolite are 
shown in figure 2: at each of seven points the full spec-
trum is shown, revealing variations in elements present 
and their relative abundance. Results from the tuffa-
ceous mudstone-sandstone are summarized in figure 3. 
At each point full spectra were acquired and ana-
lyzed—Figure 3 shows the along-transect variations in 
6 of the elements detected. Along the path traversed, 
correlations between compositional variance and geo-
logical features were observed. For example, at point 
15-19, an increase in Cr and Ti correspond to a layer of 
fuchsitic (Cr-bearing) tuff. An increase in Fe at point 
2-3 corresponds with a jasper (hematitic) clast. In-
creases in Ca and Fe correlate with two orange-brown 
veins of iron carbonate mineral (around points 4 and 
20-22). The entire rock is silicified, as seen in the fair-
ly uniform levels of silicon along the transect (Fig 3).  
While further work is required to quantify these com-
positions, these data are consistent with the known 
geology of the sample and show that the Micro-XRF 
can spatially distinguish the elemental composition of 
millimeter-scale geological features. Even without 
quantification, the spatial co-variation of elements—
especially if  spatially correlated with visual clues such 
as color or crystal habit—can provide constraints on 
mineralogy. In a sense, Micro-XRF performs a level of 
petrographic analysis. 
Science operation of a flight instrument: Three 
general modes of use are possible:  
1. Single spot, long acquisition time (1-3 
minutes) for semi-quantitative analysis of in-
dividual features. This would require precise 
positioning to ensure a particular feature is tar-
geted. 
2. Multi spot transect or grid with short to long 
acquisition time (few seconds to minutes). 
This mode (illustrated in the tuff example 
above) would not require precise targeting to 
commence the analysis and would serve as a 
triage or survey mode to identify most of the 
compositional features present. Spatial co-
Figure 1: Two views of a breadboard micro-XRF The 
size of the assembly can be seen by the optical table 
holes (1" centers). This instrument, mounted on a 3-axis 
control arm, was used to acquire the data presented here. 
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variations in elements would aid mineralogical 
interpretations. At least one axis of translation 
would be provided by the instrument and some 
additional level of translation might be provid-
ed by the spacecraft robotic arm. 
3. 2D Raster map with short acquisition times 
and closely spaced spots. This mode would be 
designed to create a hyperspectral element map 
over a portion of the rock surface and would 
rely on two axis translation by the instrument.  
Which of these modes is ultimately most important 
depends on trades between (e.g.) robot arm capability, 
data volume and instrument mass/volume. At a mini-
mum, we envisage that with a single axis of translation 
provided by the instrument and no reliance on robot 
arm precision placement, the linear survey mode 
across an abraded patch of rock (e.g. like MER 3cm 
diameter RAT hole) would reveal the key components 
of compositional variation in a rock and provide much 
more detailed petrologic insights than the bulk analysis 







Figure 2. The upper panels are spectra of USGS Basalt glasses. The red spectra in these panels were acquired in 1 second. The 
green, blue and black traces were acquired in 30, 120 and 300 seconds respectively.  Sensitivity to 100 ppm is readily achieved 
over these time scales.  The optimal integration time in situ will vary between 30 s and 300 s with the content and morphology of 
the sample being studied. 
The lower panels are linear and log plots of spectra acquired from a 3.4 billion yr-old stromatolite. Seven point (~100 µm) spectra 
were acquired along a line <3 mm long. The linear plot (3) clearly shows the elemental variation (and repeats) along this short line.  
The observed variation matches current geological understanding of the sample, revealing chert (SiO2) and dolomite (CaCO3) 
laminae, and variations in Fe and Mn content that distinguish primary and secondary dolomite phases. The log plot (lower right) 
demonstrates the sensitivity of a Micro-XRF to local elemental concentrations that would be totally lost in a spectrum taken over a 
large area. All of the spectra above were acquired in air using the polycapillary x-ray source operating at 28 keV and a filament 
current of 20 µA. The spectra shown were slightly smoothed but are nearly raw data. No processing to remove or compensate for 
the x-ray source background, escape peaks, diffraction peaks, air was done.  
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Figure 3. a) Photo of points sampled by the Micro-XRF breadboard system across an altered, thinly bedded tuffaceous mudstone-
sandstone.  Bedding is oriented vertically (paleo-up to the left). The spots represent the location of the x-ray beam at each analysis 
and are at 1mm spacings. b)  Counts per channel for selected elements at each of the points in (a) from left to right, showing ele-
mental variations that can be visually correlated with features seen in the image. 
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MEASUREMENT OF MARS ATMOSPHERE USING AN ORBITING LIDAR INSTRUMENT                    
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Introduction:  Mars landing mission concepts that 
are being proposed and studied by NASA scientists 
and management are increasingly ambitious in their 
implementations and objectives. These missions 
require precision landing at the pre-designated sites, 
launch from Mars surface, and landing of large metric 
tons-class payloads or rovers. While facing challenging 
technical issues, the future missions must also comply 
with budgetary constranints and preserve a 
conservative risk posture. To overcome these 
challenges, advanced entry, descent, and landing 
(EDL) technologies, such as aerocapture, deployable 
decelerators, high temperature aeroshells [1,2], and 
new navigation sensors and techniques [3,4] must be 
employed. These new EDL and navigation 
technologies require accurate knowledge of the 
atmospheric density, temperature, and velocity in order 
to ensure reliable operation without excessive 
engineering margins beyond the realm of extensions to 
current technical and programmatic limits.  
The lidar (Light Detection and Ranging) instrument 
being proposed in this paper can profile the Mars 
atmosphere and provide accurate measurements of 
winds, densities, temperature, and aerosols. Wind 
velocity uncertainty is the largest source of landing 
error, as wind drift can carry the vehicle several 
kilometers from the target during the parachute 
descent. Lack of accurate knowledge of density and 
temperature prevents optimum design of the thermal 
protection systems, and impacts aerocapture and entry 
technology selections. When flown on an orbiting asset 
with sufficient diurnal, seasonal, and latitudinal 
coverage, the lidar-measured parameters will provide 
the necessary database for the development of high-
fidelity models critical to design of next generation 
landing vehicles. These models will also allow for 
investigation of Mars climate change and surface 
features, and for understanding the transport of 
radiation within the Mars atmosphere. The importance 
of Mars atmospheric measurements for both design of 
future landing systems and scientific research are 
highlighted in several NASA studies [5,6].  
Lidars using a near-infrared laser offer clear ad-
vantages over passive and active radio-wave 
measurements. These advantages include excellent 
spatial resolution, high accuracy, operation under any 
lighting condition, and the ability to aim and scan. This 
paper proposes a multi-functional lidar instrument that 
provides major atmospheric parameters while meeting 
the stringent mass and power constraints of a Mars 
mis-sion. Taking advantage of the relatively low 
atmospheric density, we have devised an instrument 
concept that combines the attributes of a “coherent 
Doppler lidar”, a “Differential Absorption Lidar”, and 
an “aerosol backscatter lidar” into a single instrument 
to provide global profiles of most important Mars 
atmospheric parameters. Doppler lidar measures the 
wind velocity by using the Doppler frequency shift of 
laser light scattered from suspended aerosols 
transported by the winds. The wind velocity 
component along the laser beam is directly related to 
the Doppler shift fD, (V=λ.fD/2). Differential 
Absorption Lidar (DIAL) determines the atmospheric 
constituent concentration by measuring the ratio of 
transmitted intensities of two different wavelengths 
emitted by the lidar, corresponding to high and low 
molecular transmission. Aerosol lidar derives the 
aerosol concentration by simply measuring the 
returned signal intensity. Spatial information (altitude, 
latitude, and longitude) is obtained from the pointing 
coordinates and the roundtrip time of light signals 
arriving at the receiver from pulses back-scattered off 
aerosols.  
There have been several NASA technology 
programs over the past three decades towards 
deployment of Doppler lidar and DIAL instruments in 
space [7,8]. Presently, individual Doppler lidar and 
DIAL systems are deployed for measuring Earth 
atmospheric winds and CO2, in the form of ground and 
airborne-based instruments. Aerosol backscatter lidar 
is the most mature of these, as three instruments have 
been successfully deployed to Earth orbit since 1994 
[9,10].  
The multifunctional lidar being proposed combines 
the functions of each of these individual sensor into a 
single device, resulting in a more robust instrument 
with fewer components, and thus greater reliability, as 
well as reduced mass, volume, and power compared 
with multiple systems to handle each function. In 
addition to the three lidar measurement functions 
mentioned above, a novel new lidar function to extract 
the temperature is introduced below.  
The combination of higher aerosol concentration 
and very low atmospheric absorption compared to the 
Earth allows the use of a much smaller laser and 
transmit-ter/receiver telescope aperture. A novel, 
higly-efficient, near-infrared laser, optimized for Mars 
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lidar application, is currently under development at 
NASA LaRC. The efficiency and design of this laser 
simpli-fies the instrument’s thermal management 
design and significantly reduces the overall payload 
mass and power consumption. 
Measurement Concept:  Figure 1 illustrates the 
principle of the proposed instrument. The unique 
feature of the proposed lidar is the precise sequential 
scan of the frequencies of a set of narrow-bandwidth 
transmitter pulses over an absorption line of the CO2 
molecule that comprises about 97% of Mars 
atmosphere. A small fraction of the laser pulse is 
scattered by the naturally occurring atmospheric 
aerosols. This back-scattered signal is collected and 
processed to extract several atmospheric parameters. 
Since the density of the Mars atmosphere is less than 8 
milli-bars, the width of a CO2 molecular absorption 
line is dominated by the Doppler broadening effect 
which is directly related to the ambient temperature. 
Therefore the width of the measured CO2 absorption 
profile determines the atmospheric temperature, while 
its strength (area under the curve) is proportional to 
atmospheric density. The instrument can then 
determine the aerosol concentration from the returned 
signal strength at frequencies away from molecular 
absorption lines. Since optical heterodyne detection is 
employed, the wind velocity is directly obtained by 
measuring the Doppler shifts of the received signals. 
The 3 components of the wind velocity vector are 
obtained by pointing the laser beam to different 
directions relative to nadir. 
Figure 1: Principal of Mars Multi-functional Lidar. 
 
This proposed lidar concept takes advantage of 
three unique features of the Mars atmosphere to offer a 
compact and lightweight instrument. These unique 
features are:  
1) dominance of Mars atmosphere by CO2 
molecules that allows for measuring its absorption 
profile without concerns of contaminations by other 
molecules,  
2) low atmospheric density that eliminates the 
molecular collision broadening of the CO2 absorption 
profile leaving only the temperature dependent 
Doppler broadening,  
3) high aerosol relative concentration (mixing 
ratio) and low laser beam attenuation, compared to the 
Earth atmosphere, that translates to a stronger lidar 
signal. 
Instrument Description:  Figure 2 provides a 
schematic diagram of the lidar instrument. The pulsed 
transmitter laser, operating in the 1.6-2.0 micron 
wavelength region, is injection-seeded by a low power, 
single frequency, continuous wave (CW) master 
oscillator (MO) laser. Part of the MO laser power 
output is offset in frequency, by a modulator, before 
being injected into the transmitter laser. The seeded 
transmitter laser then generates pulses at the same 
frequency as the injected laser beam. The modulator 
tunes the laser frequency such that each pulse is offset 
by a few MHz with respect to the previous pulse. As 
shown in Fig. 1, the transmitted pulses completely scan 
over one of the CO2 absorption lines. 
The resulting transmitter laser pulses are directed 
toward a beam-expanding telescope. In the design 
concept of Fig. 2, the telescope is rotated about its axis 
generating a conical scan pattern in the atmosphere. 
The telescope’s off-axis design allows scanning the 
laser beam by approximately 30o about the nadir 
direction. The conical scan allows for determining the 
wind velocity direction.  
The back-scattered signal from the atmospheric 
aerosols is collected by the telescope and directed 
toward the detector. The return signal is mixed with a 
local oscillator (LO) laser beam at the detector 
generating an electrical signal at the difference 
frequency between the transmitted and return signal 
frequencies. The frequency modulator in the LO path 
varies the LO frequency according to the azimuth 
angle of the conical scan. This LO offset frequency 
compensates for the large Doppler shift due to the 
spacecraft motion, and minimizes the required 
bandwidth of the detector, the electronic receiver, and 
the data acquisition system. The onboard signal 
processer can then provide wind velocity vector and 
aerosol concentration profiles with a few hundreds of 
meters resolution from surface up to about 60 km 
altitude. The atmospheric density and temperature 
profiles can be provided from about 20 km to 100 km 
altitudes. Much of the component technologies of this 
instrument have already been developed by other 
programs to Technology Readiness Levels (TRL) from 
5 to 9, except the pulsed transmitter laser that is at 
TRL 3 due its specific design for Mars application. 
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The mass of this instrument is estimated to be 
between 50 kg to 80kg and its power between 280 W 
to 330 W, depending on the science versus 
accommodation trades including measurement 
precision and orbit altitude. 
Summary: A multi-functional lidar instrument is 
proposed that will provide the major Mars atmospheric 
parameters needed for the development of accurate 
climate and weather models, and for the design of 
future missions requiring advanced aerocapture and 
precision landing. The proposed instrument combines 
for the first time into a single instrument, three 
established individual lidar techniques (Doppler lidar, 
DIAL, and Aerosol Lidar) employed within NASA 
programs for measurements of winds, CO2 
concentration, and aerosol density, and adds a novel 
new technique for measuring temperature. From an 
orbiting platform, the proposed lidar can profile the 
atmospheric winds, density, aerosol concentration, and 
temperature accurately and with high spatial 
resolution. During its operational lifetime, the 
instrument will provide a database of atmospheric 
measurements over diurnal and seasonal cycles on a 
global scale meeting the needs of both the scientific 
and entry, descent, and landing (EDL) communities. 
The proposed Lidar instrument design is based on 
novel concepts that take advantage of the low 
molecular density and the dominance of CO2 
molecules of the Mars atmosphere, and utilizes optical 
heterodyne detection and a frequency-agile laser 
transmitter. The lidar concept capitalizes on several 
cutting-edge component technologies recently 
demonstrated at NASA LaRC in order to meet the 
stringent mass and power constraints of a Mars 
orbiting platform, with an extended lifetime of several 
years. 
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Figure 2: Schematic of Mars Multi-functional Lidar Instrument. 
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Introduction: We posit that a Mars in-situ life de-
tection and geochronology mission that will triage and 
validate samples for Mars Sample Return (MSR) is 
technically feasible in the 2018-2022 time frame. Dur-
ing the 2008 Decadal Survey community outreach ef-
fort, the required technology for such a mission had 
not yet been demonstrated, and hence the planned 
caching rover instrument suite could not directly ad-
dress life detection and dating, the core science issues 
of MSR. However, today these technologies are mov-
ing from lab prototypes to field deployable instru-
ments, and provide an opportunity to directly address 
the science goals of MSR within the bounds posed by 
current scientific, fiscal, and political pressures on the 
Mars program.  
Architecture Bounds: We believe that new tech-
nological advances enable a mission concept that ad-
dresses the competing scientific, political, and fiscal 
requirements for flight in this decade. Specifically, the 
mission must:
1) be responsive to the astrobiological and chronologi-
cal science goals of the MEPAG [1],  Decadal Survey 
(DS) [2], and E2E-iSAG [3];
2) address the physical/chemical/biochemical surface 
materials “Strategic Knowledge Gaps” (SKGs) for 
human exploration of Mars [4];
3) avoid the MSR appearance of long term political 
commitment and cost.
These requirements can be accomplished by a mini-
mum of a lander, but more optimally by a rover.
Mission Concept: As a precursor to MSR, we pro-
pose a Mars Exploration Rover (MER) to mid-sized 
rover to carry out life detection, organic characteriza-
tion,  geochronology, and mineralogy measurements 
(Fig. 1, Table 1).  The rover requires an arm and drill 
with coring and abrading bits [5-7]. JPL has reassessed 
the MER entry, descent and landing system perform-
ance with the data acquired from the MER landings, 
and determined that the system is capable significantly 
higher landed mass (~40-60 kg before reserve) and 
somewhat larger instrument volume (~80,000 cm3) [8]. 
The larger science payload allows for more sophisti-
cated instruments, including those required for in-situ 
dating and life detection.
The instruments are an integrated package sharing 
a high-resolution zig-zag time of flight mass spec-
trometer (ZZ-TOF) and a small trochoidal mass spec-
trometer (TMS [9-11]), capable of extensive analysis of 
biotic and abiotic chemistry,  which when combined 
with a laser desorption resonance ionization ion source 
can sensitively measure isobar free Rb-Sr isotopes for 
geochronology (Fig. 2). The desorption laser is also 
used with a µRaman/LIBS for mineral characteriza-
tion,  which in combination with the ZZ-TOF, will ad-
ditionally provide measurements of K-Ar isotopes for a 
second form of radiometric dating [12].
Life Detection & Organic Characterization: 
Consensus is rapidly growing that definitive extra-
Figure 1: Redesigned MER sized rover with IDD arm, 
Honeybee coring drill, and proposed mission payload 
(pers. comm. C. Kahn, B, Jordan, JPL, 2012; pers. 
comm. K Zacny, 2012).
Table 1: Concept details
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terrestrial life detection and organic characterization 
requires “gold-standard” triple coincidence correlation 
techniques using compound pattern recognition,  iso-
topic fractionation, and determination of chirality of 
organic molecules [13].  Specifically:
a) Organic pattern recognition: In general, abiotic or-
ganic homologous compounds exhibit a decreasing 
abundance with increasing chain length; deviations 
from such a distribution is a signpost of pre-biotic 
chemistry [14]. 
b) Isotopic fractionation: The majority of autotrophic 
metabolisms on Earth discriminate against the heavy 
isotopes (C,N) by photolytically driven fractiona-
tion,  including from the results of photosynthesis, 
nitrification, denitrification, sulfate reduction,  sul-
fide oxidation, methane oxidation and methano-
genesis [15, 16]. 
c) Chirality: A preponderance of biologically formed 
compounds are synthesized exclusively of identical 
enantiomers, which are believed to be a universal 
signature of living systems [17].
Hence, determining organic patterns, compound-
specific C and N isotopic ratios, and chirality of each 
compound within the chemical pattern is the most gen-
erally applicable and conclusive way to identify extant 
or fossil life. 
One-Dimensional Gas Chromatography: Current 
in-situ technology for interpretation of organic signa-
tures on Mars have focused on one-dimensional gas 
chromatography (1D-GC) mass spectrometry [18, 19]. 
The GC subsystem ingests gases produced from heated 
samples, and separates evolved organic compounds 
(Fig. 3a). However, single GC separations (1D-GC) 
typically only achieve partial separation composed of 
5-10 intermixed compounds, totaling ~80 intermixed 
peaks in 30 minutes, complicating interpretation 
(called spectral skewing) and eliminating the possibil-
ity of pattern recognition; finally, 1D-GC systems typi-
cally have part-per-billion sensitivity (Table 2). As a 
result of these limitations,  1D-GC systems focus on 
issues of habitability, not astrobiology.
Two-Dimensional Gas Chromatography: We are 
developing 2D-GC instrument capable of concentrat-
ing compounds in a cryotrap and then emitting them 
into a 2D-GC, enabling the separation of all com-
pounds and compound pattern recognition (Fig. 3b, 4; 
Table 2). The output of the first volatility GC is con-
centrated by a modulator for a brief time (increasing 
the sensitivity by ~1000X),  and then burst to the polar-
Figure 2: Instrument concept.  Samples are desorbed by 
a 213 nm laser and either cryotrapped for transfer to the 
organic analysis and life detection subsystem, or 
illuminated by the resonance ionization lasers for Rb-Sr 
analysis.  The desorption laser also produces 532 nm light 
used by the µRaman/LIBS to identify secondary minerals 
in the desorption spot. Finally, LIBS will be used to 
measure K, and the ZZ-TOF Ar, providing a second 
chronometry measurement.
Table 2: 1D-GC versus 2D-GC
Figure 3: a. Example of 1D-GC output.  Each peak is 
composed of multiple intermixed compounds.  b. 
Example of 2D-GC of the same compound.  Note single 
peaks in a are now separated into multiple peaks in the 
second dimension. The irregular pattern of compounds is 
indicate this sample contains metabolites, and is from a 
living organism. 
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ity or the chirality GC. The polarity elutant is split be-
tween the ZZ-TOF and a TMS for isotope measure-
ment. This system enables the user to assess the overall 
pattern of compounds, as well obtain a mass spectrom, 
chirality, and isotopes for each compound, without 
intermixing.
The ZZ-TOF (Fig. 5) is an outgrowth of multi-
bounce time of flight (MBTOF) technology that re-
duces the size of the mass spectrometer while main-
taining the path length, ion focus [20, 21], and high 
heritage of MBTOF designs.
We determine all of the light isotopic ratios for C, 
H, N, O, P, S on individual compounds through split-
flow of the effluent to a TMS (Fig. 6), with accuracy 
sufficient to identify biological isotopic fractionation 
(Fig. 7). This level of  analysis is identical to that 
which would be performed in a terrestrial lab on a 
returned sample.
Geochronology: In-situ geochronology measure-
ments better than ±200 Ma, and preferably using more 
than one isotope system, have long been a key goal for 
planetary science [22]. We have developed a relatively 
rapid,  portable Rubidium-Strontium (Rb-Sr) dating 
technique based on laser desorption resonance ioniza-
tion mass spectrometry (LDRIMS) for use on Mars 
and the Moon. We plan to demonstrate the instrument 
Figure 4: 2D-GC illustrating irregular pattern 







































 Figure 5: Zig-zag time of flight maintains high mass 
resolution and is much smaller than traditional TOF 
instruments.
Figure 6: TRL Design. Cut-away view of the operat-
ing principles of CFMS. Ion trajectories are shown in 
red. Magnetic field produced by a dipole magnet con-
figuration is normal to the ion trajectories. A positive 
and negative plate produces the electric field and mass 
dispersion is linear on the focal plane for this arrange-
ment.
Figure 7: Isotopic indicators of life.
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on meteorites such as Zagami (Mars) and NWA 032 
(Lunar); however, before working with high value 
samples, we are validating the technique on terrestrial 
materials such as the Boulder Creek Granite (BCG). 
Using LDRIMS, we have succeeded at producing a 
moderate precision date for BCG of 1.72±0.087 Ga 
(n=288, MSWD=1). We ultimately expect to use 
~1000 spot measurements (versus the 288 currently 
Figure 8), which combined with other instrument im-
provements should result in a precision of ~± 50 Ma 
[23]. We have succeeded at producing moderate preci-
sion dates of ±130 Ma (MSWD=1; Fig. 9); near term 
improvements should result in a final precision of 
~±50 Ma. 
Geochronology Implementation: The LDRIMS 
technique avoids the interference and mass resolution 
issues associated with geochronology measurements, 
and has miniaturization potential [23]. A sample is 
placed in the  ZZ-TOF mass spectrometer and surface 
atoms, molecules, and ions are desorbed with a 213 nm 
laser. Ions are suppressed by an electric field and the 
plume of expanding particles is present for many μs, 
during which it is first illuminated with laser light 
tuned to ionize only Sr, and then 1-3 μs later, for Rb 
(Fig. 10)  [24]. We have partially miniaturized the in-
strument (Fig. 11-12), including Sr lasers, ablation 
laser, and mass spectrometer, and will soon to start 
using the instrument for field measurements.
Our current prototype can measure the isotope ratio 
of lab standards with 10 ppm net Sr or Rb to a preci-
sion of ±0.1% (1σ), with a sensitivity of 1:1010 in ~15 
minutes. The speed of the LDRIMS measurement al-
lows thousands of samples to be measured in signifi-
cantly shorter periods of time than traditional methods; 
sample preparation consists of rough cutting the sam-
ple to fit in our sample holder.
Currently we avoid biased secondary mineralogies 
using µFTIR of the samples (Fig. 13); in a flight con-
figuration we will use a µRaman spectrometer that 
shares the LDRIMS ablation laser, and in combination 
with the ZZ-TOF, will enable simultaneous K-Ar 
measurement [12]. Simultaneous Rb-Sr and K-Ar 
dates will significantly improve confidence to the 
ultimate scientific interpretation.
Addressing Requirements: The proposed instru-
ment payload addresses req. 1 goals such as assess-
ment “of the past and present habitability of Mars, 
whether life is or was present on Mars in its geochemi-
cal context, and characterize carbon cycling and prebi-
otic chemistry”, as well as, “Determine the nature and 
evolution of the geologic processes...and characterize 
the ...  composition... and evolution of Mars’s interior” 
Figure 8: Locations and minerals used for LDRIMS 
measurement.
Figure 9: Calibrated repeat isochron of the BCG.
Figure 10: Isobar free measurement of strontium and 
rubidium isotopes.
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[2]. These methods will provide new data on E2E-
iSAG priorities 1-3, 5,  and 8, and reproduce the de-
sired E2E-iSAG in-situ measurements (1-4, p.8) [3]. 
The approach provides insight into organic biohazards, 
addressing req.  2, including SKG B.2, and the chemis-
try of trace/minor phases that may act as, or inhibit, 
catalysts for ISRU (SKG B.7) [4]. These new ap-
proaches are responsive to req. 3 challenge area 1.2, 
“...in situ instrumentation to identify and triage high-
priority materials for analysis”. Finally, while meeting 
many of the science goals of req.s 1-3, our mission 
avoids the issues of req 4.   The mission may be possi-
ble as a static lander and meet req. 5, but would 
achieve a much higher science return with a modified 
MER rover. If the budget outlook improves, our pay-
load would be ideally suited to the first MSR caching 
rover and meets all of the objectives of the MRR-SAG. 
Our mission feeds forward into MSR by validating 
that the collected samples are astrobiologically and 
geochronologically relevant, and triages those sam-
ples by scientific priority for return by MSR.
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Figure 11: LDRIMS 2 in Chevy Suburban.   
Figure 12: MDA rover, Honeybee Robotics drill, and 
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Figure 13: μFTIR spot measurement of BCG overlain 
with mineralogy (blue = feldspar, purple = amphibole, 
quartz = yellow, standard = orange, red = edge of sample).
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Introduction: If a spacecraft instrument is built 
and flown successfully, does that guarantee that the 
collected data can be or will be fully processed to the 
community desired level of geodetically controlled 
science products?  Although many users seem to be-
lieve that data are “publication ready” from the mo-
ment they are collected, further data processing is al-
most always required in order to fully understand and 
use the data, particularly relative to other datasets. 
Here we focus on one of the meeting objectives by 
discussing how a key portion of the “technology need-
ed to address” science questions consists of calibration 
and processing capabilities on the ground. We also 
address the meeting topic of “lessons learned and vi-
sion for what is needed [for the] next generation of 
instruments.” We provide recommendations that sup-
port the goal that instrument data can and should be 
processed into useful products. We describe standards 
and design criteria that will not merely enable but sig-
nificantly facilitate the processing of data into scien-
tific products, which in turn can be used for further 
scientific investigations or operational support of sci-
ence missions. 
Many of the issues discussed below were noted 
earlier in [1], or in our other reviews [2, 3, and 4].  
Unfortunately, most of these issues still need to be 
addressed and must be considered in the context of 
future instruments and missions.  
Instrument Calibration and Sensor Model De-
velopment: The geometric and radiometric calibration 
of essentially every planetary instrument flown is per-
formed by a different team, using different techniques, 
standards, calibration methods, and levels of com-
pleteness, etc. There is clearly a strong need for stand-
ardization in such techniques, in order to assure that 
sufficient calibration has been completed, and to as-
sure that users understand and can properly use the 
calibration data [5]. 
As noted by [4], there are currently only two 
broadly available software packages that are primarily 
intended for cartographically correct image analysis of 
planetary data: JPL’s VICAR and USGS’s ISIS. A 
huge barrier in using these packages is that for every 
new dataset to be handled, a geometric and radiometric 
sensor model embodying the full behavior of the in-
strument must be developed. In the past these models 
have often been added ad hoc, as a result of involve-
ment by an investigator with a particular instrument or 
mission.  Others are added years later as funding from 
various sources permits. Models for many instruments 
(including some currently active and others that ob-
tained historically important coverage) still do not ex-
ist in such public software. The calibration standardi-
zation just discussed would greatly ease the develop-
ment of such models. Further, instruments and mis-
sions need to plan to develop such models in VICAR 
or ISIS at the outset of mission planning (whether to 
be used in that software or by external software, such 
as the NASA Ames Intelligent Robotics Group Stereo 
Pipeline; see http://ti.arc.nasa.gov/tech/asr/intelligent-
robotics/ngt/stereo/), so that the collected data can be 
quickly used by the planetary community.  A second-
ary benefit of this approach is that the instrument 
teams will be available to verify the correctness of the 
models. Instrument teams often develop their own cus-
tom software for such models, but this thoroughly val-
idated software often exists in a one-of-a-kind or pro-
prietary processing environment and is easily lost 
when the mission ends and the team disbands. 
Need for Geometric Stability: The best possible 
geometric qualities and stability are usually desired in 
any instrument, so that the collected data can be 
properly processed into scientifically useful products. 
So far, only one high quality high resolution camera 
system of a fully photogrammetric design has been 
flown beyond Earth orbit: the Metric or Mapping 
Camera system flown on Apollo 15-17 [6].  The Apol-
lo system not only included a large format framing 
(film) camera, but had properties that made it possible 
to accurately reconstruct the internal configuration of 
the camera (“interior orientation”). Reseau marks were 
used on the film platen (as they were also on vidicon 
tubes for missions with such sensors) in order to assist 
with such reconstruction. Such reseau information is 
no longer necessary in modern solid state (e.g., CCD 
and CMOS) sensors; what remains clear is that accu-
rate reconstruction of the image geometry is still quite 
important, and that framing cameras provide many 
advantages in this regard. Current line scanner (or 
push broom) and push frame cameras are perceived to 
provide higher resolution data (for a given signal-to-
noise ratio) and wider fields of view than framing 
cameras, at a lower cost. However, their primary dis-
advantage (even for cameras like the Mars Express 
High Resolution Stereo Camera (HRSC) where it oth-
erwise could be – and has been – argued have the 
properties of a good photogrammetric system) is that 
the geometric accuracy of the collected data depends 
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on accurate and highly time-resolved knowledge of 
spacecraft position and orientation. This has been 
shown to be problematic, since unmeasured and un-
modeled spacecraft motions (particularly at high fre-
quencies) known as “jitter” leave the actual geometric 
knowledge of image collection uncertain (at best) and 
often poor relative to the resolution of the camera. Jit-
ter may in some cases be minimized by freezing mov-
ing parts such as antennas and solar panels during the 
collection of images, but the constraints of mission 
operations do not always permit this. In certain cases, 
distortions can be modeled and removed through pho-
togrammetric processing of stereo image sets or data 
from multiple overlapping detectors (as on the HRSC 
and Mars Reconnaissance Orbiter (MRO) High Reso-
lution Imaging Science Experiment (HiRISE) cameras, 
respectively). However, little can be done in the most 
common case of single image coverage and non-
overlapping sensors. Even where the effects of un-
wanted spacecraft motion can be corrected, greatly 
increased processing difficulty and costs result. There-
fore, for optical imaging, the first choice under geo-
metrical considerations alone would be to use a fram-
ing camera. If a line scanner or push frame sensor is 
used, consideration should be given to simplifying 
spacecraft and payload designs to minimize the use of 
moving parts that contribute to jitter, and also as to 
what modeling and software development will be 
needed to process such images at the sub-pixel level of 
geometric precision and accuracy.  To handle the data 
from a very high resolution camera correctly, the 
spacecraft and even the entire mission may need to be 
designed around the instrument, rather than the other 
way around. See [3] for more on this issue. 
A related problem of geometric accuracy is that all 
images contain distortions due to topographic parallax 
unless a digital elevation model (DEM) of suitable 
coverage and resolution is used to orthoproject them.  
Global laser altimetry datasets exist for a few bodies 
(Mars, the Moon, Eros) at present and address this 
need in part (as well as providing the definitive refer-
ence for surface coordinates).  Because of their resolu-
tion and especially inter-orbit gaps, however, these 
altimetric DEMs are inadequate for processing images 
from cameras such as Lunar Reconnaissance Orbiter 
(LRO) Narrow Angle Camera (NAC) and HiRISE.  If 
these very high resolution images are to be used to full 
advantage, a source of high resolution DEM data must 
be identified, either by stereo imaging with the camera 
in question or with another camera of sufficient resolu-
tion, or by future high density (scanning or flash lidar) 
altimetric instruments. 
Need to Control Data: The need to register data to 
known levels of accuracy (i.e., control the data) is well 
known. This issue has already been discussed in [1, 2, 
3, 8], but we repeat some important points here for 
emphasis. 
The only way to connect/register/compare data 
with quantified precision and accuracy is to geodetical-
ly (usually photogrammetrically) process the data into 
controlled products. Otherwise the uncertainties in the 
relative and absolute positioning of data sets under-
mine their synergistic value. Users always want the 
best precision and accuracy possible and require that 
the precision and accuracy be quantified. Such 
knowledge is critical for mineralogic, geologic, and 
scientific investigations and exploration purposes such 
as site selection, landing and landed operations. Con-
trolling any single dataset provides many benefits in-
cluding a) the best method of removal of mosaic seams 
for qualitative work; b) proper orthometric projection 
of data (i.e., registration of images to topography in 
order to make or match existing mosaics and maps); c) 
registration of multispectral data; and d) proper pho-
tometric correction of data. The value of such control 
increases combinatorially when multiple datasets are 
considered, so it is essential that this work be planned 
for, and done with, all datasets of interest, whether 
past, present, or future. Geodetic control adds substan-
tial value to the data, especially relative to the cost of 
data collection. Furthermore, if one considers the cost 
of the initial data collection or even the loss of a mis-
sion (e.g., landing at incorrect coordinates), such costs 
are absolutely necessary and relatively insignificant.  
Therefore, an important step in planning for the use of 
any instrument’s data is to assure that it can and will 
be properly controlled, to the pixel and preferably (as 
users will request) to the subpixel level of the instru-
ment’s resolution. For example, LRO Wide Angle 
Camera (WAC) images have been successfully mosa-
icked into highly useful products [7], but whether their 
accuracy is better than the pixel level (e.g., a few hun-
dred meters) is unknown.  Mismatches at that level are 
visible in some comparisons we have made with LRO 
Lunar Orbiter Laser Altimeter topography models, but 
whereas a control solution would include documented 
accuracy statistics for the whole mosaic, at present 
such visual inspections must be made locally each time 
the use of the mosaic for critical applications is con-
sidered.   
The creation of controlled mapping products is 
strongly supported via a number of advisory groups in 
a variety of contexts, including: 1) the NASA Plane-
tary Cartography and Geologic Mapping Working 
Group (PCGMWG) [9] which notes the need to plan 
for the creation of controlled cartographic products; 2) 
the NASA Advisory Council [10] has recommended to 
NASA that all cartographic products for the Moon (the 
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only body considered in the specific context, but the 
implication is for all bodies) be geodetically con-
trolled; 3) the Committee on the Planetary Science 
Decadal Survey [11] notes that “R&A programs like 
planetary cartography are also critical for mission 
planning by ensuring that (for instance) cartographic 
and geodetic reference systems are consistent across 
missions to enable proper analysis of returned data” 
(page 5-16), and that “separate support should be pro-
vided for development of high-level data products in 
cases where such support cannot be provided by mis-
sion funding” (page 10-6); and 4) the IAU Working 
Group on Cartographic Coordinates and Rotational 
Elements [12, Section 8] has noted in their first rec-
ommendation “the importance of geodetically con-
trolled cartographic products.”  They also note that 
“Although a flood of new planetary datasets is current-
ly arriving, it appears that the production of such 
products is often not planned for or funded. We 
strongly recommend that this trend be reversed and 
that such products be planned for and made as part of 
the normal mission operations and data analysis pro-
cess.” 
A final example of where data has not been geodet-
ically controlled is with the Cassini ISS, VIMS, and 
RADAR data. It is possible that if such data had been 
controlled early on in the Cassini mission, the apparent 
non-linear rotation of Titan, supposedly resulting from 
an internal ocean, might have been discovered sooner. 
Similarly, if such data for Enceladus were to be con-
trolled, it is possible that a similar discovery could still 
result. 
Processing Algorithms and Tools Lag Behind 
Instrument Development: As noted above, some-
times processing tools are not available at launch, at 
first use of instrument, or even much later, if at all.  
For instance, the Mars Global Surveyor (MGS) space-
craft was launched in 1996, but stereo processing of 
the MGS Narrow Angle (NA) camera line scanner 
images into DEMs was not accomplished until the 
early 2000s [13] and large scale controlled mosaics of 
such images have to our knowledge still not be made.  
As another example, we noted in 2007 [1] that neither 
photogrammetrically rigorous algorithms nor the soft-
ware based on them for efficiently controlling push 
frame images from cameras such as MRO Mars Color 
Imager or LRO WAC existed.  As far as we are aware, 
this gap has yet to be filled.  Aside from the difficulties 
of tie pointing extremely large numbers of “framelet” 
images with little overlap, and of handling the statistics 
of their position and pointing parameters correctly in 
the control calculation, these wide field cameras may 
also require optical distortion modeling beyond that 
used for previous instruments.  A more general con-
cern for all missions is that, although image tie point-
ing technology is improving, tie pointing of a few 
thousand images is still a major task [14]; current 
needs are to tie point hundreds of thousands or mil-
lions of images. In order to control images to the prop-
er reference frame and to properly orthoproject them, it 
is also necessary to tie the images to ground control 
provided by lidar tracks or DEM data. Such ground 
measurements are largely made manually at present, 
with techniques to automate the process still a research 
topic. In addition, the technology for the photogram-
metric adjustment of planetary data has been improved 
and can now handle thousands of images, but still has 
a long way to go to process orders of magnitude higher 
number of images [8]. Tools to process such large vol-
umes of data, including making and using very large 
high resolution DEMs and mosaics, are neither as au-
tomated nor as simple to use as is desirable.  There are 
also still concerns that as novel processing methods 
and algorithms are developed they may be put into 
production before their accuracy is properly evaluated 
and compared to the existing state of the art. For ex-
ample the “stereophotoclinometry” (SPC) method of 
Gaskell et al. [15] has, to our knowledge, never been 
carefully compared to stereo or even photoclinometry 
processing results, even though it is being used for 
several operational and science applications. An im-
portant comparison of various methods for stereo and 
SPC processing of LROC images is currently under-
way [e.g., 16] and may help to address this issue. 
Standards Issues: There is an urgent need to both 
follow existing standards regarding coordinate systems 
and frames and to further improve on them. As noted 
in [4], a number of crises in the early operations of 
instruments can be avoided if a consistent set of carto-
graphic standards is agreed upon early in the develop-
ment process, and substantial confusion can be avoid-
ed later if such standards are followed.  We note that 
the primary body for coordinating such activities at a 
high level is the International Astronomical Union 
(IAU), via their Working Group on Cartographic Co-
ordinates (WGCCRE) [12]. There are also specific 
NASA Working Groups for Mars and the Moon [17, 
18]. Following recommendations from these groups is 
also required by the Planetary Data System [19]. These 
recommendations also need to be considered as part of 
the proposal preparation and selection process. The 
simple step of either having sufficient expertise as part 
of the proposed missions/instruments or educating the 
developers about any ground data system in these 
standards, with compliance assessed as part of the 
formal reviews of mission progress, could avoid the 
recurrence of the standards problems that have affect-
ed past missions, and ensure that gaps in the existing 
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standards are addressed well before an instrument be-
gins to return data. 
There is also a need to investigate, develop, dis-
cuss, and coordinate standards for products to allow 
for their easier use, registration, and understanding. 
This is particularly true for bodies other than Mars and 
the Moon, which already have their own NASA Work-
ing Groups to assist with that process. Similar groups 
may be needed for other bodies where multiple mis-
sions are being undertaken or for small bodies general-
ly if they indeed are to become targets for more mis-
sions and human missions 
Current Processing Needs: For data already in 
hand, we recommend the following: a) further devel-
opment of tie pointing methods, particularly for imag-
es to DEMs; b) improvement of photogrammetric con-
trol algorithms and software, and development of bet-
ter methods to handle large data volumes and products; 
c) development of techniques and software to control 
push frame cameras (a lack first noted in [1] in 2007!); 
d) enforcement of current coordinate system, mapping, 
and product format standards and addition of require-
ments for sufficient expertise in the use of such stand-
ards; e) improvement of existing standards and the 
development of new ones as required by advances in 
detector technology and mission design; and f) testing 
and comparison of instrument processing methods, 
particularly those for DEM generation. Although this 
review is not generally intended to list datasets that 
currently require further processing or products that 
need to be made, an especially urgent need – as was 
discussed in 2007 – is to create the highest resolution 
and quality global DEMs of the Moon and Mars.  Such 
products are needed as the base for processing of other 
current (and future) datasets for the given body. The 
creation of such DEMs will require the control and 
merging of the various existing high to moderate reso-
lution datasets, so that they and other (non topograph-
ic) datasets can be properly registered for science and 
exploration uses. Archinal et al. [2] address this specif-
ic issue in more detail.  Along those same lines, of 
course substantial efforts are actually needed to per-
form the processing of available data, but these fall 
outside the scope of our abstract. 
Future Processing Needs: There are a variety of 
new issues that may arise for possible future missions. 
As an example, we examine the technology develop-
ment needed to conduct small body mapping in sup-
port of operations and scientific analysis for future 
robotic or human missions to an asteroid: a) rapid in-
cremental mapping, in which new observations can be 
added to control solutions and cartographic databases 
as they are acquired; b) true 3D mapping of highly 
irregular bodies, which may have occlusion of features 
by other features and possibly even multiple surface 
intersections for a given radius vector; c) development 
of methods for rigorous joint (simultaneous) pro-
cessing of images and lidar data;  and d) properly 
combining (with appropriate testing) stereo and photo-
clinometric mapping, using the geometric strength of 
stereo processing and the higher (single pixel) resolu-
tion of photoclinometric processing. Aside from the 
SPC method mentioned earlier, other researchers have 
developed such methods [20, 21] that could be 
adapted, improved, tested, and integrated into existing 
planetary mapping software (e.g., VICAR or ISIS).  
Onboard processing will eventually need to be devel-
oped in order to allow for autonomous operations, and 
would also be useful in low data down and uplink situ-
ations. Some studies of future human missions [e.g., 
22] have also assumed on-board overnight global 
mapping (“detailed remote sensing and NEA charac-
terization”) capabilities. The development of such 
highly advanced capabilities needs to begin now in 
order to be ready for missions in the 2020s. 
Conclusions: We summarize by noting the follow-
ing key points from the above discussion.  
1) The need for adequate capabilities to process the 
data into useful, controlled scientific products cannot 
be forgotten during instrument and mission develop-
ment.  
2) Multiple areas have been identified in which 
present-day cartographic processing capabilities must 
be improved in order to make full processing of future 
(and even some existing) remote sensing data sets pos-
sible.  
3) Tradeoffs of sensor types (e.g., line scanner 
camera vs. framing camera) need to be considered in 
terms of data acquisition (spacecraft stability) and the 
complexity of data processing, and not merely in terms 
of performance (resolution, SNR, etc.) and the up-front 
cost of building the instrument.   
4) There is always a need for a topography (shape) 
model for the registration and orthoprojection of any 
instrument data.  Fully integrated global models need 
to be developed for the Moon and Mars, and the need 
for such models on any body should be part of the 
planning of any new instrument or mission.   
5) Standards need to be enforced and further de-
veloped, to ease the understanding and use of data and 
to reduce confusion. 
Finally, we note that we have not addressed here 
the need for planning and funding to actually do the 
primary instrument data processing once a mission is 
underway or even over, or for that matter what prod-
ucts still need to be made.  Such data processing ef-
forts are usually no longer included in mission and 
instrument proposals because they are not formally 
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required and it is widely assumed that high level data 
processing can be completed with research and analy-
sis funding. Unfortunately, most R&A programs—
with grant allocations targeted in the $50-150K/year 
range—are highly unlikely to be able to cover the 
costs of processing all the data from a particular in-
strument. In our experience, reviewers often argue that 
such processing is not scientifically important 
enough—even though it is a fundamental requirement 
for making the data from that instrument scientifically 
accessible.  We can only echo and highlight the Deca-
dal Survey [11, page 10-6] that “separate support 
should be provided for development of high-level data 
products in cases where such support cannot be pro-
vided by mission funding.” 
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Introduction:  The primary science goal of the 
joint ESA-Roscosmos-NASA ExoMars Program is to 
search for and identify signs of past or present life on 
Mars through a chemical investigation of the martian 
atmosphere (via an orbiter to be launched in 2016) and 
surface (via a rover to be launched in 2018). The Mars 
Organic Molecule Analyzer (MOMA), a dual-source, 
mass spectrometer-based instrument capable of both 
pyrolysis-gas chromatography (pyr-GC) and laser de-
sorption/ionization (LDI), is a key instrument on the 
Pasteur Payload of the ExoMars 2018 rover. When 
combined with the unprecedented two-meter depth 
sampling capability of the current rover, MOMA af-
fords a uniquely broad and powerful search for organ-
ics over a range of preservational environments, vola-
tility, and molecular weight. In addition to enabling 
mission science, MOMA informs critically strategies 
for both sampling and in situ analysis for Mars Sample 
Return (MSR). 
The NASA contribution to the MOMA instrument 
comprises the mass spectrometer (MS) subsystem, 
including the following elements: i) linear ion trap 
mass analyzer; ii) dual-gun electron ionization source; 
iii) redundant detector/dynode assemblies; iv) vacuum 
housing; v) LDI inlet consisting of an ion guide and 
aperture valve; vi) 200k rpm wide-range pump; and, 
vii) supporting electronics (Fig. 1). Prior to PDR 
(scheduled currently for December 2012), all of the 
MOMA-MS elements listed above will have demon-
strated Technical Readiness Level 6 (or TRL-6), a 
term used to describe the maturity of a technology and 
defined explicitly by NASA as a “system or subsystem 
model or prototype demonstrated in a relevant envi-
ronment (ground or space).” 
MOMA Design: The MOMA instrument compris-
es the NASA-provided MS assembly (Fig. 1), an ultra-
violet (266 nm wavelength) laser system, a four-
column gas chromatograph (GC) including a helium 
reservoir, a set of pyrolysis ovens arrayed on the rov-
er’s sample carousel along with a tapping station to 
interface any oven with the GC, and a set of electron-
ics. The main requirement of the mass spectrometer is 
to analyze molecules from both GC and laser sources 
with high sensitivity, wide mass and dynamic ranges, 
and sufficient mass resolution and accuracy to distin-
guish and identify specific organic molecules. 
 
Fig. 1. Current design of the MOMA instrument. The LDI 
inlet (i.e., aperture valve and ion guide) enables LDI of 
samples at Mars ambient pressures (2-12 torr). 
Linear Ion Trap Mass Analyzer: The heart of 
MOMA-MS is the linear ion trap (LIT) mass analyzer. 
The advantages of an ion trap, which can serve as both 
an ion storage facility as well as a mass spectrometer 
with an extensive mass range, include: compactness; 
larger mass range and compatibility with higher back-
ground pressures compared to traditional quadrupole 
mass filters; an open, high-conductance geometry to 
facilitate reduced pumpdown times; and, tandem mass 
spectrometry/ion manipulation flexibility (i.e., capabil-
ity of performing MS/MS, MSn operations). In particu-
lar, 2-D (or “linear”) ion traps are also easily inter-
faced to two independent ion sources (e.g., pyr-GC 
and LDI modes) and support an increased dynamic 
range, improved ion sampling (i.e., ion trapping, effi-
24 LPI Contribution No. 1683
ciency and volume) and redundant detector/dynode 
assemblies. Moreover, the foundation of LIT mass 
analyzers is a set of four hyperbolic rod electrodes, 
similar to GSFC heritage quadrupole mass filters such 
as that employed in the Sample Analysis on Mars 
(SAM) instrument. 
 
Fig. 2. The MOMA-MS miniaturized LIT mass analyzer. 
In order to reduce the resource requirements of the 
subsystem, the MOMA-MS ion trap design has cen-
tered on the miniaturization of the Thermo LTQ com-
mercial LIT geometry. A 25% reduction in the spacing 
between rods from r0 = 4 mm (commercial) to r0 = 3 
mm (miniature) reduces the volume and mass of the 
analyzer; this change also affords a reduction in volt-
age needed to reach 2000 amu down to 1200 Vpp at an 
RF frequency of 700 kHz. The flight-scale LIT cur-
rently under test is shown in Fig 2. The relevant oper-
ating parameters for a commercial Thermo LTQ and 
the miniaturized MOMA-MS LIT are shown in Table 
I. A balance between maximizing analytical perfor-
mance and minimizing mass/volume/power require-
ments has been integral to the development of the 
MOMA-MS LIT mass analyzer.  
Table I. Linear ion trap operational parameters. 
Specification Thermo LTQ MOMA-MS 
r0 4 mm 3 mm 
Length 63 mm 28 mm 
RF frequency 1,200 MHz 700 kHz 
Trap volume 3,200 mm3 800 mm3 
Peak RF volts 5,000 Vpp ~1,000 Vpp 
Ejection q 0.88 0.78, 0.64 
Chamber P 10-5 torr up to 10-3 torr 
Mass range 50 – 2,000 amu (primary) 50 – 2,000 amu 
Scan rate 10,000 amu/sec 5,000 up to 10,000 amu/sec 
Resolution 
(FWHM) 0.4 at 2,000 amu 0.4 at 250 amu 
Dynam range >4,000 >100 
Sensitivity <fmol (peptide) ≤pmol (peptide) 
TRL-6 Performance Requirements: Across a de-
fined range of martian surface conditions (i.e., 2 to 12 
torr pressures and -40°C to +20°C temperatures), 
MOMA must meet a number of stringent performance 
requirements in order to ensure the full science return 
over the 180 sol operational lifetime of the mission. 
The core performance requirements of the MS subsys-
tem, including metrics for both pyr-GC and LDI op-
erational modes, are shown in Table II. 
Table II. Key MOMA-MS performance requirements. 
Performance 
Specification 
MOMA-MS       
pyr-GC mode 
MOMA-MS       
LDI mode 
Mass range 50 – 500 amu 50 – 1,000 amu (50 – 2,000 goal) 
Resolution 
(FWHM) ≤1 amu 
≤2 amu from 500 
to 1,000 amu 
Sensitivity ≤nmol (SNR≥10) ≤pmol (SNR≥3) 
Accuracy <0.4 amu <0.4 amu 
Drift <0.4 amu per  experiment 
<0.4 amu per  
experiment 
Laboratory Breadboard Instrument: A flight-
like MOMA-MS breadboard (Fig. 2) incorporates the 
miniaturized LIT designed, assembled and tested using 
in-house expertise with flight-qualified hyperbolic 
quadrupole mass filters. Compared to a commercial 
Thermo LTQ XL, the MOMA-MS breadboard instru-
ment offers a similar mass range, scan rate, and MSn 
capability; however, achieving the miniaturization and 
higher pressure tolerances required for operations on 
the martian surface comes at the expense of dynamic 
range and sensitivity, as shown in Table I. 
Current Status Overview: As of the submission 
of this abstract, all performance requirements are in the 
process of being demonstrated on the MOMA-MS 
breadboard instrument under ambient Mars pressures 
at room temperature (approx. 20°C) without flight-like 
heating of the ion trap assembly. An end-to-end 
demonstration of the MOMA-MS subsystem, includ-
ing a thermal assessment of the instrument, is on track 
for completion by September 2012. With this demon-
stration and with the correspondence of the test setup 
to a feasible flight design, the MOMA-MS system is 
expected to achieve TRL-6 by that time. 
Acknowledgement:  The development of MOMA-
MS is supported by NASA’s Mars Exploration Pro-
gram (HQ Program Executive: George Tahu). 
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Introduction:  The ternary alloy AlN-GaN-InN system 
provides several distinct advantages for the development of 
UV detectors [1], [2] for future planetary missions. First, 
(InN), (GaN) and (AlN) have direct bandgaps 0.8, 3.4 and 
6.2 eV, respectively, with corresponding wavelength cut-
off’s of 1550 nm, 365 nm and 200 nm. Since they are misci-
ble with each other, these nitrides form complete series of 
indium gallium nitride (In1-xGaxN) and aluminum gallium 
nitride (Al1-xGaxN) alloys thus allowing the development of 
detectors with a wavelength cut-off anywhere in this range. 
For the 280-365 nm spectral wavelength range AlGaN detec-
tors can be designed to give a 1000x solar radiation rejection 
at cut-off wavelength of 325 nm, than can be achieved with 
Si based detectors. For tailored wavelength cut-offs in the 
365-480 nm range, InGaN based detectors can be fabricated, 
which still give 20-40x better solar radiation rejection than Si 
based detectors. This reduced need for blocking filters 
greatly increases the Detective Quantum efficiency (DQE) 
and simplifies the instrument’s optical systems. Second, the 
wide direct bandgap reduces the thermally generated dark 
current to levels allowing many observations to be performed 
at room temperature. Third, compared to narrow bandgap 
materials, wide bandgap semiconductors are significantly 
more radiation tolerant [3], [4]. Finally, with the use of an 
(Al, In)GaN array, the overall system cost is reduced by 
eliminating stringent Si CCD cooling systems. Compared to 
silicon, GaN based detectors have superior QE based on a 
direct bandgap and longer absorption lengths in the UV. 
Improved Dark Current Performance:  Table 1 
gives the band gap and intrinsic carrier concentration for Si, 
AlN, GaN, InN [5] and illustrates how the (Al,Ga,In)N semi-
conductors are expected to achieve significantly lower ther-
mally generated dark current due to 10 or more orders of 
magnitude reduction in the intrinsic carrier concentration, 
even in the presence of a large difference in the effective 
recombination lifetime. Furthermore, the AlN-GaN-InN 
semiconductors exhibit an even stronger temperature de-
pendence indicating that even moderate cooling will signifi-
cantly reduce the dark current. Silicon, has the slowest re-
combination time (i.e. long carrier diffusion lengths), due to 
the near dislocation free epitaxial crystal growth techniques 
used in manufacture. Confined epitaxial growth of 
(Al,In)GaN is sufficiently mature enough to make the 10-12 
orders of magnitude lower carrier concentration out-compete 
the faster recombination lifetime. 
Improved Modulation Transfer Function and 
Spectral Quantum Efficiency:  Both the Modulation 
Transfer Function (MTF) and the effective quantum effi-
ciency are determined by the thickness of the (Al, In)GaN 
charge collection region (depletion region). The photodiodes 
in the array are designed to maximize charge collection effi-
ciency. For a photodiode, the photocurrent is primarily due to 
the production of electron-hole pairs in the depletion region 
[6]. The photocurrent depends on the absorption coefficient, 
€ 
α , and in order to maximize this the depletion width should 
limit towards 
€ 
1/α . For the wavelengths of interest (280-
480nm), the (Al, In)GaN semiconductors exhibit high ab-
sorption, enabling a high quantum efficiency even when the 
absorption region thickness is an order of magnitude thinner 
than in a silicon device. The absorption coefficient for GaN 
is approximately 10 cm-1 greater for all the wavelengths of 
interest when compared to Si. Therefore the thickness of the 
active region of the device can be reduced without negatively 
impacting the QE while also having added advantage of 
reducing the dark current.  
UV-Vis Spectrograph Focal Plane Array (FPA) 
Configuration: Figure 1 shows how a spectrograph can be 
configured with two 1M pixel arrays, AlGaN and InGaN, 
each hybridized to a radiation hard silicon ROIC. AlGaN 
arrays (for 280-360nm response) and InGaN arrays (for 365-
480nm response) are grown by confined epitaxial growth on 
double-sided polished sapphire, see Table 2. The array is 
designed to be back-illuminated through the sapphire. Key to 
this development is the ability to grow (Al, In) GaN films 
using a “confined epitaxial” approach pioneered by NRL [7]. 
Goddard 1M Pixel AlGaN and InGaN Arrays:  
To date Goddard has carried out successful wafer fabrication  
runs to yield several good large format 1024-by-1024 AlGaN 
arrays with hexagonal pixels on a 18µm pitch, a SEM micro-
graph of a section of a good array is shown in Figure 2. 
Table 1. Si, InN, GaN and AlN photodiodes properties 
Semiconductor Si InN GaN AlN 
Indirect band gap,  (eV) 1.12 - - - 
Direct band gap, (eV) - 0.8 3.2 6.2 
Carrier concentration, ni (cm3) 1x1010 206 2.8x10-10 Near-0 
∆T for halving ni  (°K) 8.7 6.7 5.5 5 
Reduction in ni for ∆T = -30°K 15x 87x 2390x 685000x 
 
 
Figure 1. Spectrograph configuration 
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Figure 2. SEM micrograph of photodiodes fabricated using 
the confined epitaxy technique; the pitch is 18µm 
These arrays were fabricated from confined epitaxy material 
[7]. The p-i-n window composition, and measured dark cur-
rent are shown in Table 2. The 1M pixel InGaN arrays are 
currently being processed. It is anticipated that by October 
2012 these arrays will also be hybridized ready for function-
ality and radiometric testing in late November 2012. To date, 
two 1M pixel AlGaN arrays have already been hybridized to 
FLIR ISC0404 ROIC’s, see Figure 3. The ROIC specifica-
tions are shown in Table 4. A picture of one of the packaged 
hybridized array mounted on a low noise preamplifier and 
electronic signal conditioning board is shown in Figure 4. 
The packaged array module is presently undergoing func-
tionality tests at GSFC using Leach readout electronics. Once 
functionality testing is complete the module will undergo 
radiometric testing for QE characterization. 
Expected Performance:  Assuming zero contribution 
from photon and background current shot noise, negligible 
€ 
1/ f  noise and the observed leakage current is predominantly 
the dark current, then the noise equivalent irradiance (NEI) is 
given by 
€ 
NEI = 2qIdΔf /(Aηq)  ph/cm2. With QE of 
€ 
η =50% at 
€ 
λ =350 nm, 
€ 
Δf =  1 Hz, 
€ 
A =1.13 x 10-4 cm2 and 
using the average dark current density measured at room 
temperature, 
€ 
Jd = 8.5x10-12 A/cm2 (at -0.5V bias) gives 
€ 
NEI =219 ph/s-pixel i.e. these photodetectors have a calcu-
lated sensitivity of 1pW/cm2 [8]. The rms noise electrons on 
the dark current is 
€ 
Ne = (I dτ ) /q . For the dark current that 
we have experimentally measured, 
€ 
Ne  is calculated to be 
about 55e-. This detector noise threshold is higher than the 
read noise of the ROIC input circuit, 15e-1.  
Future Missions: The proposed GaN-based detectors 
with low mass and power requirement, are radiation hard and 
with their high sensitivity performance will provide a techno-
logical breakthrough for space-borne UV spectrographs for 
the planetary community and could be part of the instrumen-
tation payloads for future flagship missions, e.g. Uranus and 
future New Frontiers and Discovery missions.  
References: [1] Razeghi, M., et al., J. Appl. Phys., 79, 
7433-7473, 1996. [2] Aslam, S., et al., SPIE, Vol. 5901, 
59011J, 2005. [3] Ionascut-Nedelcescu, A., et al., Trans. 
Nucl. Sci., Vol. 49, no. 6., 2002. [4] Aslam, S., et al., Nucl. 
Instrum. And Methods in Phys. Res. A, 539, 84-92, 2005. [5] 
Bougrov, V., et al., Properties. of Advanced Semiconductor 
Materials GaN, AlN, InN, BN, SiC, SiGe, John Wiley & 
Sons, Inc., New York, NY, 2001. [6] Sze, S. M., Physics of 
Semiconductor Devices, 2nd Edition, Wiley, New York, NY., 
1981.  [7] Eddy, C.R. Jr., et al., Applied Physics Letters, vol. 
90, 162101, 2007. [8] Aslam, S., et al., Electronics Letters, 
Vol. 41, No. 14, 2005. 
Table 2. Spectrograph Channel 1 and 2: Array Specifications 
Parameter Channel 1 Channel 2 
Spectral Band 280-365nm 365-480nm 
Detector Absorber  AlGaN (47% Al) InGaN (7.5% In) 
Detector Pitch 18µm   
Array Configuration 1024 x 1024   
Dark current < 1fA @ 0V  
Operating temperature 77K - 300K   
Response Non-uniformity ± 4% ± 4% 
Operability > 99% > 98% 
 
Table 3. Results from AlGaN test photodiode 
WAFER #729 
AlN fraction in pin window, (%) 47 
Unit cell 18µmx18µm 
Test diode diameter, µm 120 
Spectral response, nm 280-365 
Dynamic Resistance, Ω.cm2 2.3x1012 
Measured dark current @ 0V, (A) <1x10-15 
Computed dark current @ 0V, (A) 7.1x10-16 
Quantum efficiency @-0.5V, (%) 50 (expected) 
Detectivity, D*, cm.√Hz/W 1.6x1015 
NEP, W/cm.√Hz 6.8x10-18 
 
 
Figure 3. FLIR ISC0404 ROIC in package 
 
 
Figure 4. Hybridized array mounted on preamplifier and 
signal conditioning board 
27International Workshop on Instrumentation for Planetary Missions
MICROFABRICATED ION TRAP MASS SPECTROMETERS FOR PLANETARY MISSIONS: THE 
PLANAR PAUL TRAP AND THE COAXIAL ION TRAP.  D.E. Austin1, Z. Zhang1, B.J. Hansen2, Y. Peng1, 
A.R. Hawkins2, 1Department of Chemistry and Biochemistry and 2Department of Electrical and Computer Engineer-
ing, Brigham Young University, Provo, UT  84602, USA.  austin@chem.byu.edu.  
 
 
Introduction:  Mass spectrometers are among the 
most common planetary instruments due to their excel-
lent sensitivity, wide range of analytes (including both 
atomic and molecular species), chemical specificity 
and speed of analysis.  Because conventional mass 
spectrometers are too large for flight, efforts at minia-
turization have been pursued for nearly half a century 
[1].  Radiofrequency ion traps, because of their inher-
ently small size and larger operating pressure, have 
been an important component of this effort.  We have 
explored the possibility of creating quadrupole ion 
traps using assemblies of ceramic plates, the facing 
surfaces of which are lithographically patterned with 
concentric electrode elements.  We have demonstrated 
excellent mass resolution and sensitivity using these 
devices. 
Each ion trap is made using two ceramic plates, 
made as illustrated in Figure 1.  On the trapping side, 
concentric gold rings are patterned using standard pho-
tomask techniques and evaporative deposition.  Vias 
(laser-drilled holes through the ceramic plates) connect 
trapping-side features with contact pads on the back-
side.  Contact pads are connected to printed circuit 
boards (PCB) using spring-loaded pins.  The RF am-
plitude on each ring is varied by use of a capacitive 
voltage divider on the PCBs (25 pF total capacitance).  
A thin layer of germanium (100 nm) was evaporatively 
deposited onto the trapping side of each plate.  This 
resistive layer eliminated charge build-up on what 
would otherwise be an insulating surface, and also 
provides a continuous potential on the plate surface.  
Additional DC and ac signals are put on individual 
rings as needed to accomplish resonant excitation and 
ejection. 
This two-plate approach has several advantages.  
First, the accuracy of electric fields is very high, lim-
ited only by the precision of microlithography and the 
positioning of one plate with respect to the other (the 
accuracy of electric fields is one of the significant hur-
dles toward higher performance in miniaturized mass 
analyzers).  Second, the shape of the electric fields—
especially higher-order multipoles—can be fine-tuned 
by adjusting the potential on one or more rings, rather 
than by changing the physical shape of the electrode, 
as must be done in conventional ion traps.  Finally, 
these plates are much lighter than conventional elec-
trodes.  Each completed plate has a mass of only 3.6 g, 
and a complete analyzer assembly (including plates, 
spacers, PCBs, voltage divider, and connection hard-
ware) has a total mass of only 18.4 g. 
Planar Paul Trap: We developed [2] a quadru-
pole ion trap using the above approach, called the pla-
nar Paul trap.  Because the field is established using 
sets of “rings”, it is possible to adjust higher-order 
multipole components for optimal performance.  These 
nonlinear components can be adjusted simply be 
changing capacitor values on the PCB behind each 
plate.  Small positive octopole components are benefi-
cial for mass resolution, and also for collision induced 
dissociation experiments.  Figure 2 shows several 
spectra taken using the planar Paul trap.  Mass resolu-
tion as high as 1100 (m/Δm) has been observed, and is 
typically 500-700.   We also have demonstrated tan-
dem mass analysis in this trap.  Surprisingly, the frag-
mentation efficiency of collision induced dissociation 
(CID) in this device is strongly dependent on the mag-
nitude of higher order multipoles present.  Using some 
fields we have observed complete dissociation, while 
in other fields very little dissociation occurs, all other 
factors being equal.  We are now in the process of 
characterizing CID by systematically varying the oc-
topole and dodecapole fields in the trap. 
Coaxial Ion Trap: In the Coaxial trap [3], both 
toroidal and quadrupolar fields are produced simulta-
neously.  Ions can be transferred between the two re-
gions by applying appropriate signals.  This arrange-
ment overcomes a limitation of small ion traps, namely 
the ion trapping capacity, which is reduced as the 
physical dimensions of the trap are reduced.  The tor-
oidal trapping region has a trapping capacity more than 
two orders of magnitude larger than that of the planar 
Paul trap.  We have observed that only a small fraction 
of the ions trapped in the toroidal region can be trans-
ferred to the quadrupole region at any given time, due 
to the limited capacity of the quadrupole region.  As a 
result, ions from a single ionization event are effec-
tively stored in the toroidal region, allowing multiple 
transfers and multiple spectra.   
References:  
[1] Dawson, P. H. et al., Anal. Chem. 1970, 42, 
103A-108A. 
[2] Zhang, Z., Y. et al,  Anal. Chem., 2009, 81, 
5241-5248. 
[3] Peng, Y. et al, Anal. Chem., 2011, 83 (14) 
5578-5584. 
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Figure 2.  Plate fabrication procedure.  Aluminum oxide plates are machined, holes are laser-drilled, vias
filled with Au/W alloy, and surface polishing (A), photoresist/photomask used to pattern electrodes (B), 




Figure 5.  Mass spectra of three 










Figure 6.  Coaxial ion trap: a novel mass analyzer made using 
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Introduction:  For the last several years, we have 
been developing a very high performance anemometer 
(wind gauge) for use at the surface of Mars.  We be-
lieve that this instrument has great scientific as well as 
strategic reasons to be included on all future missions 
to the surface of Mars.  We will discuss why we set out 
to develop this instrument, as well as why the previous 
wind sensors for Mars are insufficient to meet the sci-
entific and strategic needs at Mars.  We will also dis-
cuss how the instrument works, and how it differs from 
terrestrial counterparts. Additionally, we will discuss 
the current status of the instrument, including our suc-
cessful proof of concept of the instrument to TRL 5 
and its validation in the Danish Mars Wind Tunnel. 
Finally, we will report the expected resource require-
ments of a flight version of our instrument. This in-
strument is now ready for proposed missions to Mars. 
Why a Wind Gauge?:  Our first understanding of 
the synoptic scale weather systems on Mars was from 
the Viking Landers’ wind (and temperature and pres-
sure) sensors. In fact it is only through the combination 
of these different observations that the global-scale 
nature of the weather systems was first inferred [1]. 
While it is much easier to measure only pressure and 
temperature, this is only part of the story when trying 
to understand a passing weather system. Recent work 
with orbiting thermal sounders has revealed synoptic 
weather systems from a global perspective (e.g., 
[2],[3]) but orbital sounders have little access to the 
conditions in the lowest half scale height of the atmos-
phere. Significantly, the weather systems that are dom-
inant near the surface are only marginally observable 
using orbital thermal sounders. A meteorological sta-
tion measuring winds at the surface would provide 
ground truth to general circulation models (GCMs) and 
mesoscale models. These complex models need as 
much validation as possible for them to be truly useful. 
To fully understand the weather of Mars, we need full 
landed meteorological suites, including sophisticated 
anemometers. 
Dust devils may provide much of the background 
opacity in Mars' atmosphere, yet we have only a very 
limited understanding of their genesis and properties 
on Mars. On larger scales, all the way to global, dust 
storms are also poorly understood for Mars. Their im-
portance in the climate cycle of the planet is unques-
tionable, and yet we still don't understand why, when 
or where they start. We don't understand how they 
grow, or precisely what causes them to stop. Clearly 
wind observations will help us to understand both of 
these phenomena that are both captivating about Mars 
and also scientific keystones to Mars' climate. 
The safety of future landers, bases and astronauts is 
another important driver for more fully understanding 
Mars' surface winds. To safely deliver the MER rovers 
to the surface, much effort was spent to understand 
near-surface wind shears. Mesoscale models were used 
to estimate these effects, but without adequate ground 
truth, the capabilities of the models to accurately pre-
dict true conditions are suspect.  At this level of study, 
only additional observations taken within the boundary 
layer, of winds and other meteorologically significant 
variables, will allow us to properly validate mesoscale 
atmospheric models. These in turn will allow us to 
more safety operate on the surface of Mars. 
Dust is another hazard on Mars. The MER rovers 
have directly experienced this hazard through the coat-
ing of solar cells and the contamination of the mini-
TES scan mirror. The solar cell coating was expected 
to severely limit the rovers' lifetimes. However, they 
have both experienced 'clearing events' where appar-
ently large winds have blown the dust from the solar 
cells, restoring them to nearly new efficiency. The 
Spirit mini-TES scan mirror was contaminated with 
dust when the rover sat near the ridgeline of the Co-
lumbia Hills. It is postulated that this was due to 
upslope winds carrying dust into the mini-TES eye. If 
true wind data were in hand for the rovers, we could 
 
Figure 1. A commercial terrestrial 3-D research 
grade sonic anemometer.  We expect our 
ultimate Mars Acoustic Anemometer to look 
very much like this instrument. 
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modify their positioning to enhance the likelihood of 
solar cell clearing events, and minimize the likelihood 
of optics contamination. In this sense, wind data on a 
rover is a crucial piece of operational data. 
The boundary layer is the critical region across 
which the bulk of the atmosphere affects the surface. 
Aeolian processes are currently the strongest factor in 
shaping the surface, yet we do not fully understand 
them. The drag that the atmosphere imposes on the 
surface is poorly specified at best. Measurements of 
wind at 3 heights from Pathfinder's windsocks allowed 
Sullivan et al. [4] to infer the friction velocity at that 
location. However, those inferences were made from 
only a small fraction of the observations, those strong 
enough to be significant to the relatively insensitive 
windsocks. Similar estimates were made from wind 
and temperature data from Viking, but using a more 
indirect approach [5]. No direct study of the transfer of 
momentum between the atmosphere and surface has 
been performed at Mars, yet this is the chief agent of 
change on Mars' surface. 
Additionally, no direct study of the transport of 
heat from the surface to the atmosphere has been done 
on Mars. This has significant impacts on the thermal 
stability of materials (e.g., H2O, CO2 frost) at or near 
the surface on Mars. The flux of heat between the sur-
face and atmosphere on Mars is critically important for 
understanding Mars' climate. Measuring the transport 
of water itself between the surface and atmosphere has 
not been attempted. Combining a thermometer or hy-
grometer with a fast sensing anemometer allows these 
transports to be measured. By examining the correla-
tion between the vertical wind variations (w’) and the 
horizontal wind (u’), temperature (T’) or (e.g.) water 
abundance variations (q’), the net flux of these parame-
ters away from the surface due to the turbulent eddies 
in the boundary layer can be directly measured (i.e, 
vertical fluxes of: horizontal momentum~<w’u’>, 
heat~Cp<w’T’>, water vapor flux~<w’q’>). However, 
this requires an anemometer that can resolve such ed-
dies in both space and time. This is routinely done on 
Earth in scientific studies, and could be done on Mars 
as well if the appropriate anemometer were flown. The 
flux of water between the surface and the atmosphere 
may tell us about the regions in which it is stable or 
sequestered below the surface. Taking this one step 
further, one may be able to use a fast-response ane-
mometer combined with a fast-response molecular 
detector to navigate a rover upstream to the source of a 
fumarole or a bio-tracer plume (e.g., methane). This is 
akin to how lobsters hunt their prey and moths find 
their mates on Earth, and may prove to be a highly 
fruitful technique to ultimately track down important 
geological sites or perhaps even localized oases of life 
that might exist on Mars. 
Why Improve on Previous Anemometers?:  An-
emometers have been flown on the Viking Landers, 
Mars Pathfinder, and MSL. All of these missions used 
variations on the concept of hot-wire anemometry, 
where the power required to maintain a probe at a con-
stant temperature was measured. Wind speed was re-
lated to the heating power, and wind direction was 
inferred by the azimuth of the maximum heat plume 
coming off the probe (measured by an array of thermo-
couples), or the orientation of the most cooled sensor 
(MSL). The advantage of this approach is only that it is 
simple and light. The drawbacks are numerous. 
The response time of hot-wire anemometers is rela-
tively slow, too slow to measure turbulent fluctuations 
[6].  It was roughly 10 sec for the instrument on Mars 
Pathfinder ([7], although sampling time was as short as 
1s). Initial testing of the MSL anemometer suggests a 
time constant of roughly 1 second. Seiff et al. [7] com-
pared turbulent power spectra from Mars Pathfinder 
and Earth, noting that much of the difference may arise 
simply from the Pathfinder instrument's long time con-
stant. Without actually measuring the eddy structures 
with fast response instruments (fast enough to sample 
the inertial subrange, i.e. those eddies with turnover 
rates >1Hz (e.g., [7], [5]) we can't even estimate how 
well our slower instruments were characterizing the 
turbulent behavior. With such slow response anemom-
eters, direct sensing of heat, momentum or volatile 
fluxes from the surface to the atmosphere is at best 
marginal. A significant fraction of the turbulent eddies 
are averaged together over time. Assumptions about 
the boundary layer structure must be made, without the 
possibility of checking them. 
Measuring the heat loss from a probe due to the 
wind is an indirect measurement. It is prone to confu-
 
Figure 2. 1-D TRL-5 Mars Acoustic 
Anemometer after recent testing under Martian 
conditions in Danish Mars Wind Tunnel. 
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sion from other heating or cooling sources. For exam-
ple, direct solar heating on the heated probe could seri-
ously bias inferred wind speeds if the solar heating 
were not properly accounted for. A better instrument 
would more directly measure the wind itself. Addition-
ally, wind measurements made in the lee of the lander 
are not only influenced by the wind shadow of the 
lander, but also its thermal plume. All of this makes 
hot-wire techniques difficult to calibrate and interpret. 
Aside from the MSL wind sensor, previous ane-
mometers have only attempted to infer the horizontal 
wind vector. This is likely due to two factors. First, the 
smaller vertical wind speeds would generally require 
notably more sensitivity than was available for the 
horizontal measurements of the  previous anemome-
ters. Secondly, the device’s own wind shadow pertur-
bations are difficult enough in 2-D, and harder still in 
3-D. The fact that the heated probe  itself occupies the 
volume where the wind speed is sensed precludes the 
possibility of using other techniques to measure (e.g.) 
humidity in that volume.  Without this, one cannot 
directly infer the fluxes through the boundary layer. 
This practical limitation (and many others!) can be 
overcome with another technique: acoustic anemome-
try. 
Sonic anemometry is the premier technique for use 
in research studies of winds in the boundary layer on 
Earth. It is well understood, with commercial instru-
ments being available since before 1975. It is inherent-
ly a low power technique, only demanding power for 
the pulse emission itself, and operationally it is essen-
tially instant-on/instant-off. It measures the true wind 
speed via advection of the sound. This removes many 
of the pitfalls of other techniques, such as solar heating 
perturbations on a hot-wire. Sonic anemometry is a 
very accurate technique, limited by the ability to meas-
ure the path length between transducers and the pulse 
travel times, both of which can be done with high pre-
cision. On Earth, it is frequently used to measure not 
only the horizontal wind vector, but also the vertical 
winds, which are often smaller by several orders of 
magnitude, i.e., it measures the full 3-D wind vector. 
Another result of the simplicity of the technique is that 
it is very easy and accurate to calibrate. 
If the atmospheric composition is known, it is also 
a fast thermometer, unaffected by pressure changes or 
radiative heating. Finally, and perhaps the most signif-
icant advantage is that it is a very fast response tech-
nique, typically limited by the pulse repetition rate, 
which often exceeds 20Hz. Because of this, it is the 
premier approach to directly measure eddy fluxes 
where the eddies themselves are resolved and correlat-
ed with either wind, temperature, or constituent pertur-
bations to yield fluxes. The open and well-defined 
sensing volume is ideally suited to measure other pa-
rameters (e.g., humidity with a Tunable Laser Spec-
trometer, TLS), which can then be used to compute 
eddy fluxes of that parameter. As mentioned above, 
this is not possible with hot-wire techniques, and Dop-
pler lidar approaches generally have a poorly defined 
sensing volume, adding ambiguity to eddy measure-
ments. 
Acoustic Anemometry Principles:  In concept, an 
acoustic anemometer is very simple, in part because it 
is a direct measurement of the motion of the air. The 
key concept is that sound, being a longitudinal oscilla-
tion of the air molecules, is advected with winds. It is 
easiest to understand the principle in a 1-D scenario 
(See Fig. 3), but adding 2 more orthogonal axes to get 
the 3-D wind vector adds no real complexity (see e.g., 
[8], or [9] for more details on the fundamentals or [10] 
for a very complete treatment). Imagine 2 opposing 
transducers (both emitters and receivers) with a known 
separation (e.g., see Figs. 1, 2 or  5). Pulses are emitted 
by one transducer and received by the other in an al-
ternating fashion. The pulse travel times in both direc-
tions are then measured. The difference of the two 
travel times is proportional to the wind speed along the 
direction separating the two transducers. The travel 
time with the wind will be less than that against the 
wind. This amounts to a very direct measure of the 
wind speed itself, depending only on the inter-
transducer spacing, which we know very well (even 
accounting for temperature changes). It is worth point-
ing out that this wind measurement is completely inde-
pendent of pressure or atmospheric composition, both 
of which can vary at Mars.  Indeed, to first order, only 
through the thermal expansion of the instrument is it 
dependent on anything other than the along-axis wind. 
Additionally, the thermal expansion can be easily mon-
Figure 3. Illustration of 1-D principles of acoustic 
anemometer.  See text for description. 
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itored and accounted for with an embedded thermo-
couple. 
In addition to the wind speed, the instrument also 
yields the air sound speed, which is proportional to the 
average of the two travel times.  The sound speed is 
given by Vs=
€ 
γRT  , where γ and R are only func-
tions of the atmospheric composition, and T is the 
temperature.  If we directly measure the air tempera-
ture through other means, we can use the sound speed 
to make inferences about the gas composition. Alterna-
tively, if we assume that we know the atmospheric 
composition to a high accuracy (which is often the case 
at Mars), we can then use the sound speed to yield the 
ambient air temperature. Under this assumption, the 
acoustic anemometer may also be used as an accurate, 
fast-response thermometer. For typical dust abundanc-
es at Mars, the mass-loading of the atmosphere that the 
dust represents only perturbs the wind speed by less 
than 1 part in 105, which is completely ignorable (and 
masquerades as a miniscule temperature change).  Ad-
ditionally, within the acoustic beam between the trans-
ducers, there will only be ~3 dust particles, represent-
ing an optical depth of 10-5, so scattering off dust is 
also ignorable. 
Challenges at Mars:   Unfortunately, sonic ane-
mometry at Mars is not as easy as it is on Earth.  The 
very low atmospheric density (~1% that on Earth) 
makes it very difficult to both generate and detect 
sound waves.  To surmount this difficulty, we use very 
specially designed acoustic transducers that have in-
strinsically low acoustic impedance (and thus couple 
well in both transmitting and receiving in low density 
atmospheres).  We couple these with very sensitive 
receiver amplifiers to preserve the most signal to noise 
throughout our signal chain. 
Additionally, another challenge of operating on 
Mars is that the greater mean free path of the low den-
sity atmosphere very strongly attenuates high frequen-
cy sound.  Terrestrial instruments rely on the high fre-
quencies to achieve their travel time accuracy (and 
thus ultimately the instrument accuracy).  Instead, we 
rely on sophisticated signal processing, namely a radar 
technique called “pulse compression”, to achieve simi-
lar instrumental accuracy as the terrestrial instrument 
in spite of the much greater challenges. 
Proof of Concept:  With our highly specialized 
approach to acoustic anemometry for Mars, we have 
succeeded in producing a TRL 5 realization of our 
instrument that we have already tested in a realistic 
martian environment (at the Mars Wind Tunnel Facili-
ty in Aarhus, Denmark), and between the date of this 
writing and the workshop we will test it autonomously 
on a stratospheric balloon in what is also a representa-
tive environment like that at the surface of Mars. We 
are also in the process of producing a second genera-
tion, TRL 6 version of the instrument that will be much 
more similar to the ultimate flight version of the in-
strument. 
In Denmark, we were able to operate the instru-
ment at a repetition rate of 20 Hz. This repetition rate 
is sufficient to meet the scientific goal of eddy flux 
measurement and is similar to commercial terrestrial 
instrument performance. We expect to be able to raise 
this to 100 Hz with no greater resource requirements 
with a different implementation of the signal pro-
cessing.  The precision of our wind measurements was 
+/-2.5 cm/s (see Fig. 6). The accuracy is currently 
slightly less than this (about +/-20cm/s, depending on 
 
Figure 5.  TRL 5, 1-D Mars Acoustic 
Anemometer in a test chamber at Ball 
Aerospace.  Spacing between transducer faces is 
14cm. 
 
Figure 4. Representative transmit (top) , receive 
(middle) and pulse compressed (bottom) signals 
at 6 mbar in dry CO2. The noise rejection and 
narrow peak of the pulse compressed signal 
allows very high timing precision. 
33International Workshop on Instrumentation for Planetary Missions
the wind speed), but we hope to improve this to similar 
numbers as the precision on the second generation 
TRL 6 version of the instrument. .  This too is very 
similar to terrestrial instrument performance, and fully 
meets the scientific goals for eddy flux measurement. 
Resource Requirements:  With our TRL 5 in-
strument built and operational, we have comprehen-
sively proven that our martian sonic anemometer can 
achieve performance meeting the scientific goal of 
eddy flux measurements at Mars (among other goals).  
It exceeds the response time and accuracy of all previ-
ous mars wind sensors by roughly a factor of 50. In 
both dimensions.  Additionally, using our TRL 5 in-
strument as a reference, and further with the TRL 6 
design in process, we believe that we have good esti-
mates of the ultimate resource requirements that this 
instrument will require of a landed spacecraft at Mars.  
We believe that the mass of the instrument, including a 
1.5 m mast will be about 1 kg.  The power draw of the 
instrument wil be of order 2-3 W when operational, 
and it will have a very fast turn-on/shut-down time. 
Conclusions:  Our martian sonic anemometer has 
now been shown to be a functional instrument that 
opens up new scientific investigations of significant 
scientific and strategic importance at the surface of 
Mars.  It is now ready to be proposed to missions to the 
surface of Mars where its contributions will have great 
impact. 
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!  Figure 6. Calibration data under martian 
conditions in the Danish Mars Wind Tunnel as 
the instrument was rotated with respect to the 
flow.  A true wind speed of 1.4 m/s with 8 degree 
cross-wind was found.  Error bars of +/-2.5 cm/s 
are shown on the plot. Near +/-90 degrees an 
instrumental wind shadow is evident, but this 
can be completely calibrated out. 
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Planetary Polarization Nephelometer.  Don Banfield1 and R. W. Dissly2, 1Cornell University, 420 Space Sciences, 




Introduction:  We have completed a proof-of-
concept study for a sophisticated nephelometer that 
could find strong scientific application on a broad suite 
of in situ mission classes, spanning from Venus’ cloud 
layers to Titan’s seas.  This instrument is currently at 
TRL 4.  The instrument is designed to be robust 
against inhospitable environments that it might be de-
ployed in, with no sensitive components exposed to the 
exterior of the spacecraft, and no moving parts at all.  
The instrument is also designed to be flexible in com-
plexity, in that a simplified version could be produced, 
removing unnecessary capabilities depending on the 
scientific, resource or budgetary requirements that the 
instrument must meet. 
What is a Nephelometer?:  A nephelometer is a 
cloud particle sensor, an in situ instrument intended to 
quantify and characterize the particles that make up a 
cloud in its vicinity.  Beyond that relatively broad def-
inition, there are many levels of sophistication of in-
struments that are still nephelometers.  In that same 
vein, our instrument is easily adaptable in sophistica-
tion and complexity to match the scientific needs of the 
mission on which it is included, or conversely to match 
the budget constraints of that mission. 
Our original development goal was to produce a 
proof of concept for a nephelometer that could meas-
ure not only the backscatter intensity from aerosols 
near the instrument (the simplest type of nephelome-
ter), but also measure the scattered intensity as a func-
tion of scattering angle, charting the intensity phase 
function of the aerosols.  Additionally, not only does 
our instrument measure the intensity phase function, 
but also the polarization ratio phase function.  That is, 
the degree of linear polarization in the scattered light at 
each scattering angle.  Still more, our instrument is 
capable of measuring these quantities not at just one 
wavelength, but rather at several wavelengths spanning 
perhaps an octave.  It achieves all of this using no 
moving parts, and keeping all of the instrument’s sen-
sitive components deep within the spacecraft’s body 
(and presumably also its thermal protection). 
After a 3 year round of PIDDP funding, we were 
able to demonstrate a lab bench-top version of our in-
strument, achieving all of the goals described above. 
But because the added complexities of extra wave-
lengths, polarization or sampling a range of scattering 
angles are all independent in the design, we can reduce 
the complexity of the instrument easily to match the 
requirements of the mission (either scientific, resource 
or budget requirements). 
Polarization Modulation:  To move the sensitive 
electronics (laser light sources and detectors) inside the 
spacecraft, we use fiber optics to conduct both the 
emitted light and the received light from the sampling 
volume to the electronics.  These fiber optics and pas-
sive optics like lenses are the only components of the 
instrument exposed to the harsh environment in which 
the instrument could be deployed.  Scattering angles 
are sampled simply by means of an arm extending 
from the side of the spacecraft, with lenses and fibers 
placed around a sampling volume at the various scat-
tering angles of interest.  Multiple wavelengths can be 
emitted and sampled by means of beam combiners and 
dichroic beam splitters within the spacecraft’s thermal 
protection. All of these aspects can be achieved with 
no moving parts and no sensitive components external 
to the spacecraft.  
The most challenging aspect of our instrument is 
the sensing of the polarization ratio.  Previous (labora-
tory) instruments would have polarizers and analyzers 
at the point of first intercepting the light, i.e., external 
to te spacecraft, and thus sensitive to the environmental 
conditions. Instead of this approach, we use a tech-
nique of polarization modulation where we vary the 
polarization state of the illumination source, and simp-
ly detect the intensity of the scattered light with time.  
By correlating the intensity of the received light with 
the phase of the polarization-modulated illuminating 
beam, we can extract not only the scattered light’s in-
tensity, but also it polarization ratio.  All of this is 
achieved using no sensitive optics exposed to the envi-
 
Figure 1. Electron microscope image of a 
~5um diameter carbon fiber cylinder used as 
a calibration source . 
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ronment, and in fact using no moving parts whatsoev-
er, as the polarization modulation of the light source is 
achieved by alternating power between two orthogo-
nally polarized laser sources. 
Current Instrument Status:  We have demon-
strated the feasibility of our instrument in a laboratory 
setting, using bench-top equipment and a cloud cham-
ber. Our first test of the system was to reproduce the 
scattering phase function for a ~5 um cylinder, as a 
proxy for an aerosol particle that can be easily con-
fined in place.  The cylinder also had the advantage of 
allowing its expected scattering phase function to be 
analytically computed. Fig. 1 shows an electron micro-
graph of the fiber we used as a test and calibration arti-
cle (a similar fiber would be used to calibrate the actu-
al instrument in flight before deployment).  Fig. 2 
shows the measured intensity phase function compared 
to the theoretically computed result. Fig. 3 shows the 
polarization ratio measured from this same calibration 
source, compared again to the theoretically computed 
result.  In both cases the agreement was excellent ex-
cept at large phase angles, where we believe ellipticity 
in the cylinder made the measurements diverge from 
the predictions. 
These results move this instrument to roughly TRL 
4. We have applied for further PIDDP funding to ma-
ture this instrument to TRL 6. 
Appropriate Missions:  The primary mission class 
that we see this instrument ideal for would be a descent 
probe or balloon mission to one of the giant atmos-
pheres.  This includes not only the atmospheres of the 
giant planets, but also Titan and Venus.  The polariza-
tion ratio and multiple wavelength capability of the full 
instrument would prove very valuable in providing 
detailed particle size, shape and composition (via index 
of refraction at multiple wavelengths) information for 
the various cloud layers in Venus.  Additionally, the 
intrinsically robust design of the instrument would be 
an excellent candidate for a mission to an environment 
as inhospitable as Venus’ atmosphere, or the extreme 
cold of Titan’s. 
Alternative mission scenarios could include de-
ployment terrestrially or on Mars, either on a lander or 
on a balloon or airplane to monitor dust, clouds and/or 
fog.  On an airless body like the moon, an asteroid or a 
comet, this instrument could yield information on the 
dust produced from activity on the body.  Finally, this 
instrument could also find use under water (or another 
fluid, e.g., a hydrocarbon sea) to study the properties of 
turbidity causing particles within the fluid. 
In all mission scenarios, the complexity of the in-
strument can be adapted to match the scientific goals 
of the mission, as well as the resource and budget re-
quirements in which the instrument must fit. For ex-
ample, this instrument could be simplified to the point 
of just being an intensity nephelometer with 1 wave-
length and 1 scattering angle (e.g., backscatter only). 
Alternatively, this instrument could be delivered with 
full complexity with several wavelengths, many scat-
tering angles sampled, and intensity and polarization 
ratio phase functions both being measured. 
 
Figure 2. Intensity Phase Function for a 4.87um 
carbon fiber cylinder. Data is green line, model is 
blue, and assumes n=2.0+1.22i. Data dropout at 
~90 degrees is from obscuration by another fiber.  
Actual index of refraction of this carbon fiber 
cylinder is unknown. 
 
Figure 3. Linear Polarization Ratio (S12/S11) 
phase function for a 4.87um carbon fiber cylinder.  
See caption for Fig. 2.  Differences may be due to 
errors in oblateness or orientation of fiber. 
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Prospective Instrumentation for a Titan Airplane
Jason W. Barnes1 and the AVIATR Team
1Department of Physics, University of Idaho, Moscow, ID, USA (jwbarnes@uidaho.edu)
Abstract
Based on the ideas and engineering of Lemke [1], we
have continued developing a mission concept for a stand-
alone Titan airplane. The result is AVIATR – Aerial Ve-
hicle for In-situ and Airborne Titan Reconnaissance –
a small (120kg), nuclear-powered Titan airplane in the
New Frontiers class [2]. The airplane platform allows
for unique flexibility in terms of altitude, geography, and
directed flight. The scientific goals of the mission are
designed around that flexibility: to explore Titan’s diver-
sity both in terms of surface landforms, processes, and
compositions, and in terms of atmospheric circulation,
Figure 1: Rendering of the AVIATR vehicle over a Titan lake. Credit:
Michael J. Malaska
aerosols, and humidity.
The instrument payload that we have defined is nar-
rowly focused on those scientific objectives. The opti-
cal remote sensing suite consists of three instruments –
an off-nadir high-resolution 2-micron camera, a horizon-
looking 5-micron imager, and a 1-6 micron pushbroom
near-infrared spectrometer. The in-situ instruments in-
clude atmospheric structure instruments, a methane hu-
midity sensor, and a raindrop detector.
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Introduction:  This abstract summarizes the in-
strument-related findings of relevance to sample selec-
tion and sample documentation for the sample-caching 
rover envisioned by the 2011-2102 Joint Science 
Working Group (JSWG) of NASA-ESA.  Although 
evaluations of the instruments related to proposed 
Mars surface sample return missions have been pre-
pared before, the JSWG (2012) report is the most re-
cent and most detailed analysis of instrument perfor-
mance requirements.  The measurement priorities and 
proposed hardware requirements documented there are 
a place to begin discussion of the instrument needs for 
future alternative sample-caching rover designs.  Note 
that the rover described by JSWG (2012) also had in-
struments whose purpose related to in-situ science, and 
those are not described here. 
 
Statement of Science Objectives:  At a geologi-
cally diverse site interpreted to have strong potential 
for past habitability and for preserving the physical and 
chemical signs of life and organic matter: 
1. Analyze the local geology over kilometer to 
sub-millimeter scales and to a depth of ~2 meters, with 
emphasis on supporting the objectives 2–4; 
2. Investigate geological settings indicative of 
past habitability and favorable for preserving physical 
or chemical signs of life and organic matter; 
3. Search for evidence of abiotic carbon chemis-
try, and for physical and chemical signs of life; 
4. Select, establish context for, collect, and 
cache samples that could be returned to Earth for de-
finitive analysis, addressing the following broad sci-
ence goals in order of priority:  
a. Critically assess evidence for life, pre-biotic 
chemistry, or abiotic organic matter in samples and 
determine their preservation potential; 
b. Determine the magmatic, magnetic and at-
mospheric history in samples to constrain the mecha-
nisms and ages for the accretion, early differentiation 
and thermal evolution of Mars; 
c. Reconstruct the history of surface and near 
surface processes and climate change using detailed 
geochemical and mineralogical analyses; 
d. Assess potential hazards and resources for fu-
ture human explorers. 
 
Five instruments were recommended to achieve the 
MSR portion of the above objectives.  These would 
include a mast-mounted camera, a mast-mounted min-
eralogy instrument; as well as a close-up microscopic 
imager, a contact mineralogy instrument, and an ele-
mental chemistry analyzer, accommodated on a dex-
terous robotic arm, to examine surface rocks and soils.  
The placement of instrument on the mast and arm 
would be needed for three primary reasons:   
    
1. Number of target interrogations needed to 
understand field geology. The E2E-iSAG (2011) dis-
cussed the need for arm- and mast-mounted measure-
ment capabilities to interpret local geology.  This geo-
logical understanding would be needed both to select 
samples and to ensure adequate context for those sam-
ples.  In the case of the proposed 2018 joint rover mis-
sion, these measurement capabilities would be needed 
in support of the proposed 2018 sample return-related 
objectives, but also in support of the proposed 2018 in 
situ science objectives.  In order to analyze the landing 
area geology, investigate past habitability and preser-
vation of physical or chemical signs of life (i.e. objec-
tives 1–3), and select and establish context for samples 
that could be returned to Earth to address the proposed 
MSR Campaign goals (i.e. objectives 4a-d), it would 
be a requirement to acquire and integrate numerous 
small- and large-scale observations of the variations 
in mineralogy, chemistry, physical structures and 
textures in surface geological materials at the land-
ing site.  These measurements are essential for estab-
lishing the habitability of the past environment in 
which the rocks formed, and for evaluating whether the 
original processes of rock formation and subsequent 
processes of rock alteration were conducive to preser-
vation of biosignatures.  Furthermore, the importance 
of such observations and contextual interpretations for 
detecting and interpreting biosignatures (in situ or in 
returned samples) cannot be overstated.  
 
2. Time.  The rover’s prime mission would be 
constrained by heritage considerations to be not more 
than one Mars year, which places severe limits on the 
amount of mission time that could be devoted to the 
use of the instruments. Achieving a sufficient number 
of rock and soil evaluations during the primary mission 
phase (in order to achieve Objectives #1 and #2) leads 
to the implication that each measurement or observa-
tion be acquired relatively quickly.  Based on experi-
ence from prior Mars missions (most importantly 
MER, but also MPF and PHX), we know that mast and 
arm instruments are capable of quick rock and soil 
interrogations.  However, the Pasteur payload does not 
include any arm-mounted instruments.  Whether Pas-
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teur’s on-board laboratory instruments alone could 
deliver lithologic and petrologic information quickly 
enough for the purpose of this mission is subject to 
question.  Recent experience in this area from the 
Phoenix mission, which used a different kind of sam-
pling system, was that sampling operations could be 
more time-consuming than planned.  More relevant 
information will be coming within the next year from 
MSL.  However, the proposed 2018 joint rover mission 
was judged to need mast- and arm-mounted instru-
ments to be able to generate enough rock and soil data 
to achieve the science objectives within mission life-
time. 
  
3. Data in spatial context.  Limiting the in-situ 
analysis to subsurface samples only would not allow 
resolving ambiguities about their context, thus limiting 
the information they could provide toward the interpre-
tation of geology, habitability, preservation potential, 
and possible biosignatures.  It would be necessary that 
a sufficient number of surface samples be investigated.  
For this reason in the previous ExoMars mission con-
cept it was intended that at least some of the ExoMars 
Drill samples would be collected from surface targets.  
However, after imaging, surface and subsurface core 
samples would need to be crushed prior to ALD analy-
sis.  This crushing does not allow preserving the spatial 
relationship of point measurements performed on the 
crushed sample material.  This spatial relationship, on 
the other hand, could be investigated on point meas-
urements performed on abraded surface targets with 
robotic arm instruments. 
 
INSTRUMENTS REQUIRED TO ACHIEVE THE 
PROPOSED OBJECTIVES 
 
Mast-mounted imaging instrument 
A mast-mounted camera would need to image the ter-
rain at a sufficient level of detail for navigational pur-
poses (enabling the rover to travel at the required min-
imum distances per day), to characterize the geological 
context, and to select locations for further in-depth 
analyses by contact instruments and sampling. The 
most important capability for navigational purposes 
would be to acquire stereo images that allow generat-
ing DEM of sufficient accuracy and resolution (e.g., 
for hazard recognition). Although the angular resolu-
tion of the Pasteur PanCam is about a factor of 2 worse 
than that of the MER Pancam (580 μrad vs. 280 μrad), 
the stereo baseline is significantly better (50 cm vs. 30 
cm). Moreover, the field of view of the Pasteur Pan-
Cam is wider than that of the MER Pancam (34° vs. 
16.8°), resulting in a spatially larger DEM and partially 
compensating the smaller IFOV when it comes to 
DEM accuracy. The DEM derived from Pasteur Pan-
Cam stereo images would have an extent, resolution 
and accuracy that enable blind-driving distances of 
~50 m (JSWG, 2012), deemed sufficient for the pro-
posed 2018 Joint Mars Rover. Note that the Pasteur 
PanCam was selected on scientific grounds, and that 
additional navigation cameras would be onboard the 
proposed 2018 Joint Mars Rover (the technical specifi-
cations of these navigation cameras were not available 
to the authors). A combined approach based on the use 
of PanCam and navigation cameras for blind driving, 
and Autonomous Navigation for distances to ~100 m is 
considered sufficient to meet the desired driving dis-
tances per sol (150 m/sol; JSWG, 2012).   
 
The performance speed of PanCam would be sufficient 
to meet the proposed operational requirements of the 
proposed 2018 rover mission. Field tests showed that a 
full, 14-position RGB PanCam WAC panorama, con-
sisting of 126 images (14 positions × 3 tilt positions × 
3 colors), could be acquired in 37 min. A one-position 
(i.e. without pan/tilt movement) multispectral sequence 
with all color filters and exposure bracketing would 
require 2.5 min. These times are sufficiently short to fit 
into the operations scenarios anticipated for the pro-
posed 2018 rover mission, in particular the require-
ment that such measurements fit within one planning 
cycle. Similarly, data volumes generated by the Pasteur 
PanCam also fit into the limits of the proposed 2018 
Joint Mars Rover mission. A full panorama generates 
less data than an equivalent panorama taken by the 
MER Pancam, due to the larger field of view. For ex-
ample, an 8-position RRGB color panorama, consist-
ing of 32 measurements/images, produces ~60 Mbit 
downlink data (100 Mbit data would be available for 
decisional science). 
 
Mast-mounted mineralogy instrument 
This instrument would be mounted on the rover’s mast 
and would work in collaboration with the PanCam for 
target selection, by identifying at distance minerals that 
Pancam would not be able to detect.  Its main objective 
would be to determine from afar the presence of key 
mineral phases in Martian surface targets, thus sup-
porting the selection of specific outcrops, rocks, and 
soils to investigate in detail with other rover instru-
mentation.  To achieve this goal, the instrument would 
need to be capable of acquiring rock and soil spectra 
with sufficient resolution to identify, as a minimum, 
the spectral features of the main igneous rock-forming 
minerals, as well as minerals indicative of past persis-
tent liquid water including carbonates, phyllosilicates, 
sulfates, and silica.  Key requirements would be to 
detect occurrences of these classes of minerals 10 cm 
in size or greater, from a range of up to 10 m.  Beyond 
these minimum capabilities, it would be highly desira-
ble to have more capable instrumentation that provides 
enhanced information on the presence, types, and dis-
tribution of key minerals.  Detection of smaller occur-
rences, ~1 cm or less in size, at ranges greater than 
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10 m would be highly desired.  It also would be desir-
able to detect mineralogical differences within these 
mineral groups resulting from differences in crystal 
structure, cation composition, and/or hydration state, 
and to detect halide minerals.  In order to support rover 
tactical operations, the solid angle that should be sur-
veyed and analyzed within 1 sol would be at least 
10° x 20°; larger surveys approaching panoramic scale 
are desired, if they could fit within rover resource and 
downlink limits.  See Appendix 6 of JSWG (2012) for 
further details and explanations. 
 
Close-up instruments 
Three instruments would work in concert for close-up 
characterization on the surface of a potential sample 
for collection and caching.  All three would observe 
the same location, typically one that has been or would 
be brushed or abraded by a surface preparation tool 
that could remove loose coating or more resistant al-
teration rinds (see Appendix 6 of JSWG (2012) for 
more detail).  The rover would provide a robotic arm to 
bring these instruments into contact with rocks and 
soils of interest.  It would be desirable for the arm to be 
capable of placing the instruments within ±0.5 cm of a 
particular location (±1 cm required).  Alternatively, 
accommodation on the mast or elsewhere on the rover 
(rather than on the arm) would not be precluded, pro-
vided all science requirements described below and in 
Appendix 6 of JSWG (2012)  could still be met. 
 
Close-up Microscopic Imaging Instrument 
The objectives of the microscopic imager are to char-
acterize grain morphology and the textural fabric of 
rocks and soils at a microscopic scale.  The images 
from this instrument: 1) would contribute to the char-
acterization of the rover site’s geological environment; 
2) would illuminate details of local geologic history, 
such as crystallization of igneous rocks, deposition and 
diagenesis of sedimentary rocks, and weathering and 
erosion; and 3) may assist in the search for morpholog-
ical biosignatures if preserved in the rock record.  The 
microscopic imager would be tasked with obtaining 
information on shapes and textures of mineral grains or 
clasts, the nature of rock fabrics, and inter-granular 
color variations that could help to constrain textural 
relations among different mineral phases.  The mini-
mum requirements for the microscopic imaging in-
strument would be to acquire in-focus color images at 
a pixel scale of 40 µm or smaller.  The rationale for the 
instrument’s spectral band(s) would need to be justi-
fied by the instrument proposer.  It is anticipated that, 
due to the uneven nature of surfaces to be imaged, au-
tofocus or image stacking and processing may be re-
quired.  Any autofocus capability should be internal to 
the imager and not require arm articulation.  Onboard 
processing of stacked images would be preferred to 
minimize downlink requirements, if it could be ac-
complished with the available rover computational and 
data storage resources.  See Appendix 6 of JSWG 
(2012)  for further details and explanations. 
 
Close-up Mineralogy Instrument 
The objectives of the close-up mineralogy instrument 
are to detect and to measure the spatial distribution, at 
sub-millimeter scale, of the signatures of key minerals 
in outcrops, rocks, and soils.  As with the mast-
mounted remote mineralogy instrument, the mineral 
classes of interest are the main igneous rock-forming 
minerals, as well as minerals indicative of past persis-
tent liquid water including carbonates, phyllosilicates, 
sulfates, and silica.  Key requirements would be to 
detect occurrences of these classes of minerals 0.5 mm 
in size or larger.  Beyond these minimum capabilities, 
it would be highly desired to detect occurrences of 
minerals of interest to ≤0.1 mm in size; to detect min-
eralogical differences within these minerals groups that 
result from cation composition and/or hydration state; 
and to detect halide minerals.  See Appendix 6 of 
JSWG (2012) for further details and explanations. 
 
Close-up Elemental Chemistry Instrument 
The objective of the close-up elemental chemistry in-
strument would be to measure the abundances of major 
and selected minor elements with atomic numbers of 
Na and higher.  Among the science goals of these 
measurements are to discriminate between igneous 
rock types and silica-rich material; to detect chemical 
evidence for mobilization of elements by liquid water, 
for example involving leaching or injection of hydro-
thermal fluids; and to detect compositional partitioning 
among phases.  Desired requirements would be to de-
tect Si, Al, Fe, Mg, Ca, Na, K, P, S, Cl, Ti, Cr, and Mn 
if present at >1000 ppm, with an accuracy of ±10%.  
The spatial resolution of the measurement should be 
1.8 cm or smaller; measurement scales as small as 
0.1 mm are desired.  See Appendix 6 of JSWG (2012)  
for further details and explanations. 
 
Candidate instrument options (“Reference Pay-
load”) 
To allow the advance mission planners to develop a 
rover design that could satisfy a range of potential in-
strument accommodation needs (mass, power, data 
rates, etc.) the JSWG has prepared a “Reference Pay-
load”.  Rather than specify a single instrument for each 
of the four instrument slots recommended for competi-
tion, they found it more useful to identify about three 
apparently viable instruments for each of the slots.  
This will give the engineering team a better feeling for 
the range of possible outcomes of a future instrument 
competition, rather than providing just a single guess 
on the part of the JSWG committee for each slot.  Ta-
ble 1 provides an overview of the Reference Payload.  
However, the JSWG recognizes that other instrument 
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designs may also be able to meet the proposed science 
requirements while fitting within the available mission 
resources of cost, payload mass, power, etc.   
 
In summary, instruments of the approximate size and 
character of those listed in the four groups in Table 1, 
along with a mast-mounted camera, are considered to 
be the minimum credible instrument set needed to car-
ry out MSR’s job of sample selection and establish-
ment of geologic context. 
 
References: 
E2E-iSAG (2011) Planning for Mars Returned Sample Sci-
ence:  Final report of the MSR End-to-End Interna-
tional Science Analysis Group (E2E-iSAG), 101 pp., 
posted December, 2011, by the Mars Exploration 
Program Analysis Group (MEPAG) at 
http://mepag.jpl.nasa.gov/reports/.  Also currently in 
press (Astrobiology). 
JSWG (2012) Report of the 2018 Joint Mars Rover Mission 
Joint Science Working Group (JWSG), 93 pp., posted 
March, 2012, by the Mars Exploration Program 





Instrument Name General Character Status Mass




Total = 2.64 kg (MER actual including 10% 
margin); On mast = 1.5 kg; In rover body 
= 1.14 kg
UCIS instrument Vis-Near-IR Imaging Spectrometer (500 to 
2600 nm with 10 nm resolution)
concept 2.0 kg mast, 1.5 kg body electronics
MIMA Infrared Fourier Spectrometer operating in 
the 2 – 25 μm spectral range; 
PDR-level 
(TRL 4-5)
Total = 1.14 kg (all on top of mast).
Mast mounted Raman-
LIBS head using RLS 
spectrometer inside ALD
Using the Raman spectrometer in the ALD 
performing remote Raman and remote LIBS 
in a reduced spectral range (Raman range).
concept 2.5 kg in Rover body; 2.6 kg on the mast
MAHLI MAHLI can focus 20.4 mm to infinity. MSL heritage 0.952 kg on arm; 0.57 kg on rover body
MMI VSWIR Multispectral Microscopic Imager; 
hand lens scale in the visible to shortwave 
infrared.
concept Total: 1.4 kg
Arm-mounted CLUPI Microscopic colour imager (2652x1768); phase B (TRL 
3-4)
Total = 0.7 kg (all on arm).
Pasteur Raman with fiber-
optic cable
Raman optical head on the arm coupled 
with the Pasteur Raman spectrometer in the 
ALD.
concept Total = 2.5 kg in Rover body; 1.1 kg on the 
arm
Raman instrument on the 
arm 
Compact Raman spectrometer: concept  Total: 3.25 kg on the arm
Mars Micro-beam Raman  
(MMRS)
<20 um sample spot with a  multi-points 
linear scan;
concept Total: 5.46kg on the arm
MSL APXS  Sampled area is about 1.7 cm in diameter.  MSL heritage On the turret:  0.61 kg; on the “elbow” 
joint: 0.13 kg; inside the rover:  1.28 kg
Micro XRF High spatial resolution (100 microns) 
spectrometer; 
concept 1.24kg






REFERENCE PAYLOAD, PROPOSED 2018 JOINT ROVER MISSION
 
Table 1.  Overview of the Reference Payload defined by JSWG (2012).   
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HIGH-PERFORMANCE PUSHBROOM IMAGERS FOR PLANETARY MISSIONS.  J. W. Bergstrom1 and 
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Introduction:  Imaging systems for planetary mis-
sions are generally a compromise between the desired 
science (e.g., spatial and spectral coverage and resolu-
tion, SNR) and limited available resources (e.g., mass, 
power, and data rate).  Fortunately, camera architec-
tures have been developed that enable superior science 
imagery from very constrained systems.  In particular, 
pushbroom imagers – those that take advantage of the 
spacecraft orbital motion build an image over long or 
multiple exposures – are highly beneficial in conditions 
with either limited ambient lighting, or scenes with 
high dynamic range.  Planetary surfaces are often ideal-
ly suited to this application.  This paper summarizes 
the features of multiple pushbroom imagers built by 
Ball, and describes several technical trends that are 
pushing the capabilities of this approach to new levels. 
Planetary imager performance requirements are dri-
ven by multiple factors.   A spatial resolution of well 
below 1m, for example, is set by the desire to resolve 
surface features of scientific interest, such as the recur-
ring slope lineae (RSL) on the Martian surface that 
indicate an active hydrologic cycle, and by the need to 
resolve surface hazards such as rocks and slopes at 
appropriate scales for landing site selection and surface 
operations planning. Signal-to-noise requirements 
(SNR) of >50 are typically sufficient to reveal morpho-
logic features such as scarps, lineaments, or strata that 
provide the visual evidence needed to make meaningful 
guesses about the geologic context in the image.  If 
compositional information is desired from multiband 
color imaging, SNR values >100 are desired.  
Instrument Heritage: Over the last ~15 years, Ball 
Aerospace has developed many high-performance 
space-based pushbroom imagers for both planetary and 
Earth-orbiting missions. The inclusion of example 
Earth-orbiting instruments illustrates the range of the 
design space; however the detailed implementation 
would be optimized for the resources available in a 
deep space mission.  The HiRISE and Ralph instru-
ments are good examples of what can be done to mi-
nimize the mass and power requirements. Table 1 
shows a comparison of key instrument parameters for 
several of these imagers. More detailed descriptions of 
these imagers are given below. 
HiRISE.  The High Resolution Imaging Science 
Experiment (HiRISE) camera on MRO was launched 
in August 2005 and remains the largest imager in orbit 
around another planet. The HiRISE camera has proven 
to be a very successful high performance imager in a 
very mass-efficient implementation.  During the MRO 
mission it has completed more than 26,000 observa-
tions containing ~ 60 Tbits of data. 
HiRISE is the first orbital camera to resolve all 
boulders large enough to constitute a serious hazard for 
landing on Mars (Figure 1). By taking images on dif-
ferent orbits, HiRISE is able to collect stereo data that 
can be converted into 1 m/post digital terrain models 
(DTM; See Figure 2, for example). Both of these capa-
bilities are the result of a combination of very small 
ground sampling distance and high SNR [1]. One of 
the more surprising results from HiRISE is the extent 
of seasonal variations observed, such as avalanches, 
vents & fans (Figure 3) and RSL.  
 
        
 
Figure 1 - Victoria Crater image demonstrates HiRISE 
ability to resolve 1-m hazards [2]. 
 
 
Figure 2 - DTM of the MSL Rover Landing Site in 
Gale Crater [3] Credit: NASA/JPL/University of 
Arizona/USGS 
 
HiSCI.  The High resolution Stereo Color Imager 
(HiSCI) is currently being designed for the ExoMars 
Trace Gas Orbiter (TGO) mission to provide 2 m/pixel 
images in four colors with a full swath width of 8.5 km 
[4]. HiSCI is designed to acquire the best-ever color 
and stereo images over significant areas of Mars.  
HiSCI will exceed by >20x the color and stereo cover-
age of Mars per year by HiRISE on MRO, and will  
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Figure 3 - Polygons on Defrosting Dunes, an example 
of Mars seasonable variability observed by HiRISE. 
Image: NASA/JPL/University of Arizona 
 
image at significantly better resolution and SNR than 
previous or current imagers – excluding HiRISE. 
A key feature of HiSCI is its ability to align the 
TDI array from an arbitrary yaw orientation (Figure 4) 
and collect stereo image pairs within an orbital pass 
using a single instrument mechanism along with bi-
directional TDI capability (Figure 5).  
 
 
Figure 4 – The yaw rotation mechanism can be 
seen attached to the mount of the right-side image. The 
HiSCI instrument design is a joint effort between Univ. 
of Arizona, Ball Aerospace and Univ. of Bern (Swit-
zerland). 
 
            
 
Figure 5 - Concept of operations for collection of a 




HiSCI implements the CCSDS (Consultive Com-
mittee for Space Data Systems) wavelet compression 
standard, which is incorporated in the focal plane elec-
tronics. It also needs less than half the resources (mass 
& power) required for HiRISE. 
Ralph. The Ralph instrument (Figure 6) on the New 
Horizons spacecraft provides two imagers sharing the 
same aperture by virtue of a dichroic beamsplitter: the 
Multispectral Visible Imaging Camera (MVIC) and the 
Linear Etalon Imaging Spectral Array (LEISA). The 
LEISA focal plane and associated electronics were 
provided by Goddard Space Flight Center. The cryo-
radiator and thermal control system were developed by 
Ball [5].  
The telescope uses an un-obscured, off-axis, three-
mirror anastigmat design. The entire telescope assem-
bly, including the three diamond turned mirrors, is con-
structed from aluminum. The combination of an all-
aluminum structure and optics produces a lightweight, 
athermal and thermally conductive assembly. It ensures 
that the optical performance of the system is much less 
sensitive to temperature and that thermal gradients are 
minimized. The 75 mm aperture VIS/IR telescope pro-
vides ample sensitivity at Pluto/Charon, while minimiz-
ing size and mass. The f/8.7 telescope offers a good 
compromise between radiometric throughput and 
alignment stability. The beamsplitter transmits IR wa-
velengths longer than 1.1 µm to LEISA and reflects 
shorter wavelengths to MVIC [5]. 
The MVIC focal plane uses a frame transfer CCD 
along with six TDI CCDs (four color & 2 redundant 
panchromatic).  For 1.1-2.5 µm wavelengths, the 
LEISA focal plane has a HgCdTe array cooled to <130 
K along with a linear variable wedge filter. This filter 
has a higher resolution segment designed to detect the 
solid nitrogen transition feature at ~2.15-µm.  
 
Figure 6 – The New Horizons Ralph telescope and 
detector assembly. 
 
Ralph/New Horizons was launched on January 19, 
2006 and is currently in hibernation en route to an en-
counter with Pluto in  2015.  Instrument performance 
has been proven during a flyby of the Jovian system in 
2007 (Figures 7, 8 & 9). 
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Figure 7 – Two versions of an MVIC image of Io 
taken from 2.4 million kilometers. Credit: NASA/Johns 
Hopkins University Applied Physics Laborato-
ry/Southwest Research Institute 
 
 
Figure 8 – MVIC composite image of Jupiter re-
leased 9 October, 2007. Credit: NASA/Johns Hopkins 




Figure 9 – LEISA images of Jupiter collected at 
three wavelengths. Credit: NASA/Johns Hopkins Uni-
versity Applied Physics Laboratory/Southwest Re-
search Institute 
 
Operational Landsat Imager (OLI). The OLI in-
strument, with a planned launch in early 2013,  is an 
Earth orbiting imaging radiometer with a four-mirror 
unobscured telescope. The cooled focal plane includes  
SiPIN and HgCdTe detectors with nine filters covering 
the visible to SWIR spectral bands.  From an altitude 
of 705 km, the GSD is 15 m for the panchromatic band 
and 30 m for the other bands. The instrument includes 
a calibration system incorporating built-in lamps, shut-
ter and solar diffuser. 
QuickBird(QB) & WorldView(WV): Both of these 
Earth imaging spacecraft use the standard Ball High 
Resolution Camera (BHRC 60), which operates in the 
visible and near infrared bands [6].  A ground sample 
distance of approximately 0.5 meters panchromatic and 
2.5 meters multispectral can be achieved.  The push-
broom instrument, pointed and oriented by the space-
craft bus, is capable of imaging a strip of the Earth’s 
surface between 15 and 34 km wide depending on or-
bital altitude.  The multispectral bands mimic the first 
four bands of the Landsat system.  The instrument, 
shown below in Figure 10, was designed for a 5-year 
mission lifetime.  The QB spacecraft & camera are in 
their 11th year of normal operations and recently 
achieved over 60,000 revolutions (orbits) since launch. 
The BHRC 60 instrument consists of an un-
obscured three-mirror anastigmatic telescope and a 
focal plane array with support electronics, which in-
cludes data compression.  A one-time deployable aper-
ture cover protects the instrument during launch and 
early mission operations, and a calibration lamp pro-
vides on-orbit performance tracking capability of the 
focal plane array. 
Because these instruments were designed for earth 
orbit, minimal effort was placed on weight reduction. 
The mass value in Table 1 is a rough estimate of a 
light-weighted version of the camera. 
 
 
Figure 10 – BHRC 60 instrument for QuickBird 
spacecraft. 
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Table 1 - Comparison of Instrument Parameters 
Parameter\Instrument HiRISE HiSCI QB/WV Ralph-MVIC OLI 
Aperture (cm) 50 14 60/60 7.5 13.5* 
FN  24 46 14.6 8.7 - 
Nominal GSD (m) 0.3 2.0 0.6/0.5 200 15/30 
Q = λ FN/p 1.40 1.01 0.82 0.45 - 
FOV (deg) 1.15x0.2 1.2x0.2 2.1 5.7x0.85 ~1.5x15 
AIFOV (µradian) 1.0 5.0 1.37 20 21 pan 
Nominal Wavelength (nm) 700 700 675 680 590 pan 
Mass (kg) 64.2 25 est. 132 est. 10.5 - 
* Effective aperture – not circular 
 
Key or Enabling Technologies:  The following 
paragraphs describe technologies incorporated into 
these imagers that either provide a required feature or 
greatly improve the performance or operability: 
Detectors.  The choice of a focal plane array (FPA) 
typically drives the design and performance of these 
imagers.  In the past, most visible–NIR imagers have 
used CCD detectors with frame transfer or pushbroom 
configuration. 
CMOS. Complementary Metal-Oxide Semiconduc-
tor detector arrays have now achieved performance 
approaching that of CCDs.  Two significant advantages 
of CMOS imagers are much greater radiation tolerance 
and simpler integration of the detector with supporting 
electronics.  A CMOS sensor-on-a-chip (SOC) includes 
built-in drive, readout and processing electronics. The 
focal plane power supply is greatly simplified since 
CMOS image sensors require very low power and typi-
cally a single power supply voltage. 
Hybrid. To improve the performance of a monolith-
ic CMOS imaging sensor, a separate optimized detec-
tor array can be bump-mounted to a silicon CMOS 
readout integrated circuit (ROIC).  In particular, this 
must be done for infrared detector arrays, which are 
based on materials such as HgCdTe. 
Signal integration. To achieve the SNR required for 
imaging at large distances from the sun various forms 
of signal integration are typically required. Time delay 
integration (TDI) is implemented in CCD arrays to 
increase the effective integration time for a linear array 
of detectors as they are swept across the scene.  Photo-
charge from an individual image pixel is clocked down 
a column of detectors at the same rate as the scene mo-
tion. The signal to noise ratio can be increased by large 
factors if the instrument pointing can be maintained. 
Bi-directional TDI facilitates stereo image collection 
within a single orbit. Other forms of integration, such 
as pixel binning or aggregation can be performed on-or 
off-chip. 
Telescope Design. It is well-known that the tele-
scope aperture diameter (D) provides a limiting factor 
in the spatial resolution and light-gathering capabilities 
of the instrument. The familiar equation for the angular 
size of the diffraction-limited point spread function is θ 
= 2.44 λ/D. However, the over-sampling ratio or ‘Q’ is 
a newer metric for comparing remote sensing systems, 
which has been in use for some time [7,8]. Table 1 lists 
the Q = λ FN/p for several Ball Aerospace heritage 
instruments, where FN is the focal ratio or f-number 
and p is the detector sampling pitch.  Traditionally, 
radiometers tend to have Q<0.8 and imagers have 
Q>0.8 [7]. 
Image Quality Optimization. For optimal design, 
extensive modeling of the end-to-end system is re-
quired.  Ball Aerospace has developed a System Per-
formance Model (SPM) using MATLAB that is tai-
lored to the individual instrument concept. SPM pro-
vides both radiometric and spatial performance predic-
tions [7]. 
Light-weighting. Planetary science missions are in-
herently mass-constrained. A key aspect of the design 
is to minimize the mass while meeting performance and 
environmental requirements. Once an instrument con-
cept is defined, the telescope construction and electron-
ics design trades can have a great impact on final in-
strument mass. The use of silicon carbide (SiC) optics 
and structures shows great promise for reducing tele-
scope mass. Electronics mass and electrical power sav-
ings can be realized by greater use of low power, more 
capable field-programmable gate arrays, analog-to-
digital converters and CMOS image sensors. Of course 
these items must meet the radiation environment re-
quirements.   
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Image motion compensation & stabilization. 
Spacecraft accommodations. The actual resolution 
achieve in flight may be limited by the pointing accura-
cy and stability of the spacecraft imaging platform. 
Disturbances from reaction wheels, inertial reference 
systems, scanning instruments along with solar array 
and antenna tracking may be transmitted and even am-
plified to the instrument line-of-sight (LOS). For ex-
ample, to achieve the highest resolution images from 
HiRISE, the MRO spacecraft must enter high-stability 
mode, where certain actuators are disabled during an 
imaging sequence.  Post-processing of images using 
attitude time sequences and overlapping pixels from 
the staggered detector arrays can also be used to cor-
rect for image motion at certain vibration frequencies. 
Vibration isolation. Some disturbances cannot be 
eliminated from the spacecraft structure or removed by 
post-processing.  In those cases the instrument may 
require passive isolation from the spacecraft.  Careful 
design and coordination with the spacecraft structural 
engineers is required to maximize isolation while main-
taining adequate stiffness for launch loads. 
Active stabilization. When passive isolation and 
post processing of data are inadequate to achieve the 
required image quality, an active stabilization system 
can be implemented.  Such systems have been incorpo-
rated in Ball spacecraft and instrument mount designs 
for the most demanding applications. 
Data Compression. Perhaps the most limiting con-
straint on high-resolution imaging of planetary surfaces 
is the reduced downlink bandwidth for science data as 
the range from Earth increases. The volume of image 
data  produced can be staggering.  For example, a sin-
gle maximum-size image data set from HiRISE is 28 
Gbits and requires 2.6 hours to transmit to Earth as-
suming a nominal 3 Mbits/sec rate from Mars. Conse-
quently, virtually all HiRISE images are compressed, 
first by a look-up-table and then by the Fast and Effi-
cient Lossless Image Compression System (FELICS) 
developed by JPL and incorporated into the MRO solid 
state recorder by SEAKR. Pixel binning is also used by 
HiRISE to increase SNR and reduce the number of 
pixels contained in many images. 
Future missions will undoubtedly tend to produce 
higher data volumes and of course the data rate to ob-
jects more distant than Mars is even more severely 
limited.  Ball has developed an implementation of the 
CCSDS compression standard that can be incorporated 
into the focal plane electronics or instrument control 
electronics. 
Radiation tolerance.  A driving constraint of cer-
tain candidate deep-space missions is the extreme io-
nizing radiation environment imposed upon the optics, 
electronics and focal planes. Radiation modeling and 
shielding analysis capabilities are key to finding the 
shielding design with the lowest possible mass and 
selecting appropriate components for the flight hard-
ware. 
Ball has developed modeling tools and design ca-
pabilities as demonstrated on various programs includ-
ing HiRISE, OLI, MVIC, Kepler and Deep Impact. In 
addition, Ball personnel operate a radiation test facili-
ty, the InfraRed Radiation Effects Laboratory (IRREL) 
at the Air Force Research Laboratory (AFRL). They 
are particularly experienced in designing focal plane 
test equipment and understanding the results of such 
tests [9]. 
Future Imagers:  Future planetary science mis-
sions will require imagers with improved spatial reso-
lution, sensitivity and coverage using limited spacecraft 
resources and designed for challenging environments.  
Desirable features of such instruments include: 
1. Full color coverage over the entire image area 
2. Bi-directional TDI ( or equivalent) to facilitate, 
stereo coverage and ease operational require-
ments 
3. On-board lossy and lossless compression 
4. Higher resolution or “hyper-resolution”. Reso-
lutions higher than the nominal detector pitch, 
sometimes called hyper-resolution or sub-pixel 
sampling, can be achieved by capturing images 
that are shifted a fraction of the pixel pitch. 
In order to provide such features in a resource-limited 
environment, the instrument provider must use the lat-
est cost-effective techniques for development of such 
features.   
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 Introduction:  In this paper we present a mineral-
ogy tool that could potentially perform both phase and 
elemental analysis on rock, soil, and regolith in an un-
disturbed natural geological setting.  Such measure-
ments are typically achieved by the use of multiple 
techniques and instruments. New developments in the 
field of time-resolved laser spectroscopy have opened 
up the possibility of highly capable combined Raman 
and Laser Induced Breakdown Spectroscopy (LIBS) 
instruments suitable for planetary environments [1,2]. 
With recent progress in miniature pulsed microchip 
lasers and solid-state time-resolved detectors, we could 
achieve significant reduction in size, weight, power, 
and overall complexity of these instruments. This 
would place them on par with instruments that do not 
have time resolution, but with the ability to provide 
enhanced science return. An example of combined 
phase and elemental analysis (Raman and LIBS) ob-
tained using our time-resolved instrument is shown in 
figure 1.  
The geochemistry and mineralogy of a planetary 
body tell a story of its’ history and evolution.  Evidence 
from on-surface measurements allows us to piece to-
gether that story by measuring the phases present, their 
composition, morphology, and in many cases isotope 
ratios. We present a single mineralogy tool with the 
potential to ascertain the first three simultaneously (a 
separate instrument will be required for isotope analy-
sis). The compelling science goals of on-surface mis-
sions underscore the need for on-surface instruments  
that can perform comprehensive analysis at the scale of 
individual grains. These grains can often be on the or-
der of microns in scale. The versatility of our combined 
technique makes it relevant to the exploration of any 
solid solar system body. Some specific examples of 
relevant bodies and potential science return are: 
  Mars – In depth mineralogy capabilities using mi-
croscopic contextual measurements can elucidate 
the evolution of Mars including proposed models of 
early aqueous alteration. This approach can also be 
used to study regions of recently emerging scientific 
interest such as those containing possible present-
day brines on the surface of Mars [3]. Such meas-
urements will also help us address gaps in our un-
derstanding that must be filled before we embark on 
potential future human exploration. 
 Phobos and Deimos – Surface geology of Mars’ 
moons can inform about origins and aid in design-
ing focused human-based scientific investigations 
on these bodies. The origins of these moons are cur-
rently unknown with theories suggesting possible 
capture of primitive asteroids, or accretion of ejecta 
from a Mars impact. Little is known about their 
 
 
Figure 1. Raman and LIBS of a natural jarosite sample taken 
using our time-resolved spectrometer. The instrumentation 
used to collect both spectra is identical, with the laser power ~ 
10× higher for the LIBS spectrum. These spectra reveal a sam-
ple representative of the jarosite - natrojarosite series where 
Na substitutes for some of the K. 
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mineralogy due to relatively featureless remote re-
flectance spectra. 
 Comets and Asteroids –In many cases, little to noth-
ing is known about the mineralogy of these bodies. 
For example Jupiter Trojans and D-type objects ex-
hibit featureless infrared reflectance spectra when 
observed by remote measurements. Our proposed 
technique is very powerful for these primitive bod-
ies where mineralogy can help us tell the story of 
solar system origins and evolution. For example, a 
detailed microscopic analysis of the phases present 
(especially when tied in with complementary iso-
topic analysis) can constrain the conditions under 
which they formed and their subsequent histories. 
For mineralogical studies, determination of phase and 
structure are of prime importance. The CheMin instru-
ment on MSL uses XRD for this purpose; samples will 
be collected, powdered, and characterized onboard the 
curiosity Rover. XRD is considered the gold standard 
for determining crystalline phase. Future XRD instru-
ments are likely to become ever more functional as 
techniques are developed that can circumvent sample 
preparation and offer analysis of powders as well as 
large grained single crystals [4]. Alternately, laser 
spectroscopic techniques that are inherently non-
contact and non-destructive have gained a lot of trac-
tion over the past decade [5-7]. Raman spectroscopy 
yields information similar to XRD in a non-destructive 
manner and without sample preparation. It is often con-
sidered the next important tool for a host of planetary 
surface missions. For example, a Raman spectrometer 
has been selected on the payload of the ExoMars rover 
[8]. Raman is fast, non-destructive, can provide phase 
identification for most crystalline materials, and in 
many cases, can provide significant compositional in-
formation. The laser source can be focused to a very 
small spot size (~ 1-5 µm) comparable to mineralogical 
grains. It lends itself easily to combination with micro-
scopic imaging, retaining the context of the natural 
mineral setting. LIBS provides elemental abundances, 
thus its combination with Raman provides detailed 
geochemical information.  
Combined Microscopic Raman and LIBS: By add-
ing time-resolution to Raman spectroscopy we open a 
whole new realm of capability. We can exploit the dif-
ferent time scales of the various laser-induced scatter-
ing and emission processes that occur. Since Raman 
emission is virtually instantaneous, while fluorescence 
(and LIBS) occurs over longer timescales, a fast time-
resolved detector can be used to distinguish spectra 
from these processes.  The main advantages are: 
 
1.  Fluorescence elimination: Can collect Raman 
spectra with high signal-to-noise ratio even in the 
presence of large background fluorescence that is 
often associated with altered minerals (e.g. clays, 
sulfates, phosphates). For example, figure 2 shows 
the Raman spectrum for a highly fluorescent natu-
ral magnesium sulfate sample. The fluorescence is 
separated out in time and could potentially provide 
further useful information (e.g. fluorescence life-
time of the fluorophors present in the sample). 
2. Daylight operation: Rejection of background light 
is a natural consequence of this approach. 
3. Simultaneous LIBS: The simultaneous Raman and 
LIBS capability of the instrument is illustrated by 
the cartoon in figure 3. Using the same instrument 
configuration, if we increase the pulsed laser pow-
er by approximately a factor of 10, we can create a 
plasma at the surface of the target material. As the 
plasma expands and heats up, a bright broadband 
emission is generated. This background decays 
and gives way to atomic emission lines that are 
characteristic of the elements present. In a typical 
LIBS instrument, the background decay occurs 
over the microsecond time scale. In our setup, due 
to the lower laser energy and shorter pulse width 
we observe the background decay in a few nano-
seconds with atomic emission lines that are sus-
tained for ~100 ns.   
 
Figure 2. Time-resolved Raman spectroscopy is effective 
in overcoming the fluorescence interference from highly 
fluorescent Mars analog minerals. In this case, the time-
resolved Raman spectrum (purple curve) leads to the 
identification of magnesium sulfate and its hydration 
state. Without time resolution, the spectrum is obscured 
by overwhelming background fluorescence (red curve). 
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Figure 3. Cartoon illustrating microscopic Raman and 
LIBS. Both processes are initiated with a kHz pulsed mi-
crochip laser with pulse width ~ 400 ps. The laser pulse 
energy is ~ 10 µJ for LIBS and 1 µJ for Raman. In the LIBS 
process, a plasma is created near the sample surface. 
Advances in time-resolved detectors:  Background 
fluorescence in minerals exists over a range of time-
scales. Fluorescence lifetimes typically vary from ns to 
ms. For maximum fluorescence rejection, we require 
sub-ns time resolution. Until recently, detectors with 
sub-ns time resolution have relied primarily on photo-
cathode-based detectors such as streak cameras which 
are relatively large and delicate with high power con-
sumption. They are therefore not best suited for plane-
tary instruments. The detector technology that makes 
this instrument possible is a newly developed Single-
Photon Avalanche Diode (SPAD) sensor array based 
on Complementary Metal-Oxide Semiconductor 
(CMOS) technology [9]. The use of a solid state time-
resolved detector offers a significant reduction in size, 
weight, power, and overall complexity -  making time 
resolved detection feasible for planetary applications. 
Our demonstration of this technology used a 128x128 
SPAD array for proof-of-concept. Raman and LIBS 
spectra of a natural barite sample obtained using this 
SPAD are shown in figure 4. Using this detector, we 
can also employ gain adjustment to our advantage. This 
is particularly relevant to LIBS where we may wish to 
operate over a narrower wavelength range in order to 
obtain higher spectral resolution. In this case the chip 
gain can be increased in order to enhance the signal-to- 
noise ratio for very weak peaks (figure 5). Automatic 
on-chip gain adjustment that would take advantage of 
this extended dynamic range  is possible. We will pre-
sent the latest results on SPAD development for this 
application; this includes future work that aims to in-
corporate a larger detector array of format similar to a 
CCD that is standard in many laboratory instruments. 
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Figure 5. Calcium atomic emission lines generated during 
LIBS and detected using the 128x128 SPAD array. By in-
creasing the gain on the SPAD chip, weaker lines that are 
not typically visible can be detected with a high signal-to-
noise ratio.  
 
Figure 4. Raman and LIBS spectra collected using our time-
resolved laser spectrometer with the 128x128 SPAD array.  
The instrumentation used to collect both spectra is identical. 
The only change in conditions between the two spectra is the 
laser power (~ 10x higher for the LIBS spectrum).  
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Abstract:  In Situ imaging spectroscopy provides a 
way to address complex questions of geological evolu-
tion for aqueous, volcanic, and impact processes by 
mapping mineral composition at the spatial scale of 
rocks and outcrops. A compact instrument is needed to 
be able to adequately address these science questions 
from a landed platform. The Ultra Compact Imaging 
Spectrometer (UCIS) is designed to address the science 





Figure 1.  The Ultra-Compact Imagining Spec-
trometer (UCIS).   Show (right) is the entire optical 
system including telescope, spectrometer, focal 
plane and thermal control system. The vacuum can 
(left) is only used for the terrestrial model and 
would not be required for in situ Mars, lunar, as-
teroid, or comet implementations.  The hole pattern 
on the base plate (1” centers) provides scale.  
 
Introductions:  UCIS is a JPL developed imaging 
spectrometer (Figure 1) suitable for inclusion on a 
Mars or lunar rover or asteroid lander but packaged for 
operation at terrestrial ambient conditions. UCIS is an 
Offner spectrometer using JPL e-beam gratings, 
HgCdTe detectors with many components having di-
rect heritage from M3. Spectrometer specifications are 
given in Table 1.  
Imaging spectrometers require cryogenic tempera-
tures at the focal plan. Under terrestrial ambient condi-
tions, water ice condensation would occur at cold loca-
tions inside the instrument. Water ice would attenuate 
light and reduce/eliminate the signal and extended ex-
posure (especially after the spectrometer warms up and 
the ice melts) may cause damage to the instrument.  
While designed to be compatible with a Mars imple-
mentation, the UCIS instrument is intended for use in 
actual field operations on Earth.  Thus the system de-
sign was completed with a vacuum enclosure and 
thermal control system suitable for a terrestrial desert 
environment.  On Mars a different thermal control ap-
proach will be used (no vacuum enclosure).  Radiative 
approaches (no-cryocooler) may work for lunar and 
asteroid implementations. 
 
Table 1:  UCIS Spectrometer Requirements 
 
Spectrometer Specification 
Spectral Range 500-2600 nm 
Sampling 10 nm 




Spatial Swath 380 pixels 
Radiometric Range 0-97% R 







*: specified through entire spectral range, for appropriate 
surface mineralogies (e.g. Mars: hematite, Moon, basalt) 
**: straightness of monochromatic slice image  (smile < 3%  
of pixel width) 
***: misregistration of spectrum to array row (keystone) 
 
Need For In Situ Imaging Spectroscopy:  Spec-
troscopy from 500-2600 nm is an established technique 
for measuring the mineralogy of sedimentary (e.g. Fig-
ure 2A) and igneous (e.g. Figure 2B) rocks, outcrops, 
and regoliths. Minerals exhibit absorption features that 
are highly diagnostic of their structure and composi-
tion. Imaging spectroscopy allows for mineralogy to be 
mapped at geological important spatial scales thus al-
lowing for the investigation of the spatial relationship 
between different minerals and compositions. The next 
step after “What is it made of?” is “How is it put to-
gether?” The combination of mineralogy and geologic 
context allows for detailed investigation of geologic 
and geochemical processes of planets, asteroids, com-
ets, and moons.  
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In Situ instrumentation is highly mass and power 
constrained. Traditional imaging spectrometers such as 
Cassini VIMS, MRO CRIMS, and Chandryaan-I M3 
are too massive and power intensive to put on a rover 
or lander (see Table 2).  Thus a lower power / mass 
implementation is needed that does not sacrifice the 
well-defined spectral/spatial performance that orbital 
instruments have achieved. 
 
Table 2. Evolutions of Imaging Spectrometers 








33 kg 45 W Orbit 2005 
Ch-I M3 
(JPL) 
8 kg 13 W Orbit 2008 
UCIS 
(JPL) 






In situ 2012 
 
 
     Current Status:  Initial optical measurements [3] 
show that the spectrometer meets its performance re-
quirements.  Integration of UCIS is complete and the 
instrument final mass (see table 2) exceeded the target 
goals.  Spectrometer and the thermal control system 
has achieved a focal plane array temperature of < 180 
K.  Instrument is currently undergoing final alignment.  
Calibration and field trials are planned for the rest of 
the fiscal year and these will be shown at the meeting. 
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sign and performance of the Ultra-Compact Imaging 
Spectrometer, SPIE Optics and Photonics, San Diego, 
Aug 21-25, 2011.  
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Figure 2.  Spectra of Minerals from 500 60 2600 
nm A) Diagnostic clay, sulfate, and carbonate spec-
tra (from Clark et al 2007 [1]).   B) Pyroxene spec-
tra ranging from 100% Mg rich (En100) to 100% 
Fe rich (Fs100). (Spectra from Klima et al., 2007 
[2]).  
 
Table 3: UCIS Optical Head and Cryocooler 
Mass (measured) 
 
Description Mass (gm) 
Thermal 
Hardware 
Ricor Cryocooler 185 
Thermal Strap 15 
Cryocooler hardware 65 
Spectrometer TEC / 
Thermal Strap 
30 











Focal Plane Mount 
Assembly 
56 
Telescope Assembly 72 
Fasteners 12 
Detector FPC 20 
Optical Head and Cryocooler 643 
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Introduction:  The prolate trochoidal mass spec-
trometer (PTMS) is a scanning mass analyzer utilizing 
a perpendicular E x B field. A photograph of the PTMS 
developed in-house at SwRI is shown in the photo-
graph of Figure 1. The original design is attributed to 
Bleakney and Hipple.1 Advantages of the PTMS in-
clude its small size (fitting within the gloved hand in 
Figure 1), its energy and space focusing characteristics 
and mass resolving properties independent of initial 
ion velocities (kinetic energy spread of the ion beam).2 
  
The orthogonal E x B field separates ions based on 
their mass-to-charge ratio. The B-field determines the 
radius of curvature of the ion at a specific velocity; 
however, the E-field results in a changing ion velocity 
and thus a changing ion displacement from the mag-
netic field. The resulting path traversed by the ions is a 
trochoid.  The ion beam can be rastered across a detec-
tion region by scanning either the electric field or 
magnetic field.  
 
 
Figure 1. A photograph of the PTMS mass analyzer.  
 
The mass analyzer consists of two ground planes 
sandwiching a slit plane to define the slit plane of the 
source region (entrance slit) and the slits above the 
detection plane (exit slits), an electron ionization 
source region within the ground plane housing, a posi-
tive field plate section, negative field plate section and 
detector plane region all enveloped within the poles of 
a magnetic field. The source region utilizes electron 
ionization with a repeller electrode to push ions out of 
the source and into the positive plate region. The posi-
tive plate region decelerates ions to rest and then reac-
celerates them in the direction of the negative plate 
region (much like a reflectron time-of-flight mass ana-
lyzer). Variations in direction and magnitude of ion 
velocity result in the prolate trochoidal ion path trav-
elled within the mass analyzer.  
In an electric field scanning mode, where the elec-
tric field magnitude is increased, ions are detected 
from increasing to decreasing mass-to-charge (demon-
strated by simulation in Figure 2). In the present in-
strument, an electric field scan provides a plot of ion 
current versus negative plate voltage (applied voltage 
to most negative plate of negative field plate stack). A 
conversion from the negative plate voltage to mass can 
be done to provide a conventional mass spectrum of 
ion current versus mass-to-charge.  
 
 
Figure 2. Simion simulation of prolate trochoidal paths 
of four different mass-to-charge ions. As the electric 
field is increased, the pitch of the trochoid is increased 
allowing ions of lower mass to pass by the five-
Faraday cup detector plane region. 
 
The detection region of the PTMS consists of five 
Faraday cups beneath five slits on the slit plane. Two 
wide slits, five times the width of the exit source slit, 
can be used for isotopic measurements as ion beam 
profiles exhibit flat-topped peaks (example spectrum in 
Figure 3). Two narrow slits, one-third the size of the 
source exit slit, serve for high resolution measure-
ments. Finally, a slit of nearly equal width to the 
source exit slit can also be employed for ion beam col-
lection. The pitch of the trochoid, or distance between 
the source region and the Faraday cups varies from 
26.5 mm at the closest cup to 30.0 mm at the furthest 
cup.  
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Figure 3. Peak profile of N2
+ ions through one of the 
wide exit slits. The small signal deviating from base-
line (centroid ~73.2 V) is owing to the 15N isotope at 
mass 29 amu while the monoisotopic signal has a cen-
troid of ~75.9 V. 
 
The five-Faraday cup arrangement allows for dif-
ferent isotopes of the same ionic composition to be 
collected simultaneously (Figure 4). From this stand-
point, the PTMS can be utilized as an isotope-ratio MS 
analyzer by looking at the ratios of two isotopes over 
time while maintaining a constant E- and B-field.  
 
 
Figure 4. Diagram showing the capabilities of the 
PTMS mass analyzer for isotope ratio analysis. Notice 
that the three isotopes of O2 can be collected simulta-
neously in three adjacent Faraday cups.  
 
Instrument performance was characterized through 
fragment ion spectra of a number of analytes including 
alkanes C1 through C9. The fragment ion spectrum of 
propane from an electric field scan is displayed in Fig-
ure 5. Good mass resolution is observed as fragment 
ions differing by 1 amu mass are completely baseline 
resolved.  
 
Figure 5. Fragment ion spectrum of butane. The results 
are plotted on a logarithmic scale and the maximum 
current of the base peak is at ~4.8 x 10-10 A. 
 
Future of the PTMS:  
The compact size of the PTMS and its light weight 
make it a great potential candidate for future flight 
missions. One proposed application for the PTMS 
would be biogeological analysis of Titan. 
Thus far, ions have been detected with the PTMS 
over the mass range of 2 to 128 amu (from Helium to 
the parent ion of n-Nonane). Theoretically, the PTMS 
analyzer should have a working mass range of 1 to 
~200 amu at the magnetic field strengths attainable 
from the electromagnet employed.  A stronger magnet 
could be employed to increase the upper mass range 
limit of the PTMS.  
Mass resolution of 400 is achieved when collecting 
the ion beam through the narrow exit slits, where reso-
lution is defined as m/Δmfwhm. The mass resolution is 
mainly hindered by the space charge effects present in 
the small volume source.  
At present, improvements must be made to the 
source region as space charge effects (coulombic re-
pulsion) have limited both the sensitivity and resolu-
tion of the instrument. Increasing the volume of the 
source region should help as well as investigating the 
optimum electrode geometry to compensate for an 
increased source volume. 
Mass resolution improvements could also be made 
by increasing the pitch, or the distance from the source 
region to the detection plane. A second set of slits is 
available on the slit plane design; however, mechanical 
changes are required for the mounting of the Faraday 
cups to accommodate these slits.  
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Introduction:  The Juno mission is the second mis-
sion in NASA’s New Frontiers program.  Launched in 
August 2011, Juno arrives at Jupiter in 2016 for a one 
year prime mission.  Juno science goals include the 
study of Jupiter’s origin, interior structure, deep at-
mosphere, aurora and magnetosphere.  Juno’s orbit 
around Jupiter is a polar elliptical orbit with perijove 
approximately 5000 km above the visible cloud tops.  
The payload consists of a set of microwave antennas 
for deep sounding, magnetometers, gravity radio sci-
ence, plasma and high energy charged particle detec-
tors, electric and magnetic field radio and plasma wave 
instruments, ultraviolet imaging spectrograph, infrared 
imager and a visible camera.  This paper discusses the 
mission and the associated challenges with developing 
the science instrumentation. 
Mission Overview:  Juno uses a solar-powered, 
spinning spacecraft placed into an elliptical polar orbit 
around Jupiter.  Nominally, Juno will be in a orbit 
around Jupiter for about one Earth-year.  The prime 
mission has 32 orbits which allows the entire mission 
to be completed between solar conjunctions.  Primary 
science data is collected during the six hours around 
each Perijove (PJ) pass although additional data is col-
lected throughout the orbit.  The close perijove [1.06 
RJ] and polar inclination avoids the bulk of the Jovian 
radiation field.  Even with this orbit, radiation is a ma-
jor challenge and the spacecraft design mitigates this 
by centrally located most sensitive electronics into a 
single radiation vault thereby minimizing the mass re-
quired to shield.  Each instrument as well as the stellar 
reference units all required careful design and testing to 
deal with the radiation environment.  Further challeng-
es included solar power at Jupiter, especially challeng-
ing given the environment.   
 
 
Fig. 1. The Juno spacecraft at Jupiter. 
 
Juno Payload:  A dedicated Payload System Of-
fice was established to help manage and oversee the 
instrument developments and their interfaces to the 
Spacecraft. The Juno Payload is the collection of sci-
ence instruments on Juno.   
Magnetometer.  The MAG experiment is a set of 
fluxgate magnetometers developed by GSFC and a set 
of magnetically clean star cameras developed by Dan-
ish Technical University (DTU).  All sensors are 
mounted on a stable magnetometer boom located at the 
end of one of the solar array wings.  The MAG elec-
tronics are contained in the radiation vault.  Driving 
requirements for the MAG include the range of mag-
netic field magnitude sampled, electromagnetic clean-
liness requirements (EMC), star camera pointing preci-
sion, and optical bench stiffness. 
Microwave Radiometer (MWR). MWR is a set of 
six antennas and receivers to obtain measurements at 
frequencies: 600 MHz, 1.2 GHz, 2.4 GHz, 4.8 GHz, 
9.6 GHz and 22 GHz. All components, except the an-
tennas and associated feed lines, are located in the ra-
diation vault.  The MWR electronics box and radiome-
ter box are housed in the radiation vault. Driving re-
quirements for the MWR include measurement preci-
sion (relative as opposed to absolute), antenna beam 
patterns, frequency range, EMC, and radiation toler-
ance. 
Gravity Science. The Gravity Science investigation 
uses both flight and ground elements.  The basic meas-
urement is the Doppler shift in the tracking frequency 
measured by the ground station during the Jupiter 
perijove periods.  The flight elements consist of both 
X-band and Ka-band translators and power amplifiers.  
The ground element consists of a Ka-band transmitter 
and receiver supplementing the X-band system.  The 
ground elements also include an advanced water vapor 
radiometer to determine the water vapor in the Earth's 
troposphere. Driving requirements for the gravity sci-
ence include frequency bandwidth, dual band up/down 
capability and system noise levels.   
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Fig. 2. Layout of instruments on Juno. 
 
Jupiter Energetic Particle Detector Instrument 
(JEDI).  JEDI measures energetic electrons and ions to 
investigate the polar magnetosphere and the Jovian 
aurorae.   Ions are measured, and discriminated by el-
emental composition, using a Time-of-Flight (TOF) 
versus energy (E) technique. Two JEDI sensor units 
are configured to view into a ~360 degree fan normal 
to the spacecraft spin axis. A third JEDI sensor unit 
views in a direction aligned with the spacecraft spin 
axis, and obtains all-sky views over one complete spin 
period (~30 seconds).  Each JEDI sensor is self-
contained, so there is no JEDI hardware included in the 
radiation vault. Driving requirements for the JEDI ex-
periment include energy, mass and angular resolution, 
launch environment, and radiation tolerance. 
Jovian Auroral Distributions Experiment (JADE). 
JADE measures low energy electrons and ions to inves-
tigate the polar magnetosphere and the Jovian aurora.  
JADE measurements include the pitch angle distribu-
tion of electrons, ion composition and the three-
dimensional velocity-space distribution of ions. JADE 
comprises a single head ion mass spectrometer, three 
identical electron energy per charge (E/q) analyzers to 
measure the full auroral ion and electron particle dis-
tributions. The JADE electronics (LVPS, DPU, and 
HVPSs), other than pre-amplifiers, are provided in a 
dedicated box that is located inside the radiation vault. 
Driving requirements for the JADE experiment include 
energy, mass and angular resolution, pointing 
knowledge, low energy cutoff, EMC, launch environ-
ment, and radiation tolerance. 
 Ultraviolet Spectrograph (UVS). The UVS instru-
ment images and measures the spectrum of the Jovian 
aurora in the UV nm range of the electromagnetic spec-
trum.  The images and spectra are used to characterize 
the morphology and investigate the source of Jupiter’s 
auroral emissions. Juno UVS consists of two separate 
components: a dedicated optical assembly and an elec-
tronics box. The UVS electronics box is located in the 
Juno radiation vault.   Driving requirements for the 
UVS experiment include wavelength range, single-
photon sensitivity, launch environment, and radiation 
tolerance. 
Waves. Waves measures both the electric and mag-
netic fields components of in-situ plasma waves and 
freely propagating radio waves associated with phe-
nomena in Jupiter’s polar magnetosphere. The instru-
ment includes two sensors: a dipole antenna for electric 
fields and a magnetic search coil for the magnetic 
component.  The instrument has two modes to scan 
over relevant frequencies and a burst mode to capture 
waveforms.  Waves’ electronics (including low- and 
high-frequency receivers) are located in the radiation 
vault. Driving requirements for the Waves experiment 
include frequency coverage, launch environment, and 
radiation tolerance. 
JunoCam. The JunoCam camera provides full color 
images of the Jovian atmosphere to support Education 
and Public Outreach (E/PO).  JunoCam consists of two 
parts (both mounted outside of the radiation vault), the 
camera head, which includes the optics, detector, and 
front-end detector electronics, and the electronics box, 
which includes the FPGA, the image data buffer and 
DC-DC converter.  It acquires images by utilizing the 
spin of the spacecraft in “push-broom” style. The 
JunoCam hardware is based on the Mars Descent Im-
ager (MARDI) developed for the Mars Science Labor-
atory.  JunoCam is designed to obtain high resolution 
full disk images of both pole regions of Jupiter.  
Jovian Infrared Auroral Mapper (JIRAM). JIRAM 
is an infra-red imager and spectrometer.  JIRAM ob-
tains high spatial resolution images of the Jupiter at-
mosphere and investigates the atmospheric spectrum in 
the 2.0-5.0 µm range.   The measurements contribute to 
the investigation of both the polar aurora and atmos-
pheric dynamics through complementary observations 
with MWR and the magnetospheric suite of experi-
ments (JADE, JEDI, UVS and MAG).  The JIRAM 
optical head and electronics are accommodated outside 
of the radiation vault.  
JIRAM was added to the Juno payload after mis-
sion selection, and thus is not required to satisfy the 
highest-level (NASA level 1) requirements.  JIRAM 
does have to meet requirements associated with specif-
ic radiation tolerance (reduced, like JunoCam), field of 
view, and spectral capability. 
Payload Challenges:  There were many challenges 
to the development of the payload, including the usual: 
cost, schedule, mass, power, data rates, etc.  Because of 
Juno’s harsh target (Jupiter), the radiation is the largest 
single challenge.  The management of the radiation 
issues were mission wide, and involved both the space-
craft team, instrument teams, mission design team and 
mission assurance teams.  Management of reserves by 
the PI and PM was important for successful implemen-
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tation.  Identifying and understanding the key require-
ments of the Juno Payload was equally important.  
These were developed cooperatively by the Juno sci-
ence and engineering teams starting in Pre-Phase A 
studies.  The process was iterative. Several critical Pay-
load technical interface meetings were conducted over 
more than a year’s time in Phase B to finalize the re-
quirements, and clearly determine which are key and 
driving.   
The Juno Payload System requirements were man-
aged using the DOORS requirements database.  Re-
quirements at levels both above and below the Payload 
System were also planned in the same database provid-
ing an method of linking requirements from one level 
to another.  Attributes are defined for each requirement 
including the requirement text, rationale, owner, and 
verification method.  This allows end-to-end manage-
ment of the requirements definition, verification and 
validation process.   
Key requirements were allocated by an upper-level 
element for items that are considered critical.  Critical 
items can pertain to public safety, planetary protection 
and they are usually related to science goals or mis-
sion-critical parameters.  Understanding the key re-
quirements is essential to implement a design efficient-
ly. 
Driving requirements were identified by a lower 
level element as impacting the design or implementa-
tion of that element in a major way.  Driving require-
ments are usually associated with performance, cost, 
mass, and schedule.  In addition, driving requirements 
effectively define the architecture of the System or 
element(s).  They involve the type of technology, type 
of equipment required, number of units, or software 
functionality 
Random Vibration: The random vibration envi-
ronment (as defined by the spacecraft based on the 
launch vehicle acoustic input) was hgher than some 
instruments’ heritage environments.  The radiation 
vault in the core of the spacecraft held most electronics 
and was massive, concentrating mass in a small area 
resulting in edges of the Flight System’s forward and 
aft decks being lightly loaded.  The random vibration 
environment for these areas then became fairly high. 
Three paths were pursued to address this issue. The 
S/C team investigated methods to reduce levels by 
modifying the S/C design.  This included evaluation of 
options to reduce the random vibration environment 
through redesign of the structure and options to lower 
the environment seen by the instruments by reducing 
the response of structure. Instrument teams assessed 
design modifications to improve robustness (tasks like 
better support for MCP mountings, or additional 
mounting points at the S/C interface).  In addition, re-
lief from the launch vehicle’s acoustic specifications 
was also pursued and provided. 
Thermal challenges. The Juno thermal range re-
quirements are typically higher than the instrument 
heritage qualification.  The instrument teams delivered 
updated thermal models in advance of instrument PDR.  
A process and schedule for maturing the thermal design 
was developed with each project milestong and final-
ized by Project CDR. 
Radiation enviroment challenges. The radiation 
environment at Jupiter was a driver for the Juno mis-
sion.  Components located outside of the radiation 
vault experience a high radiation environment.  High 
radiation levels drive parts selection and shielding de-
sign complexity.  JPL provided parts evaluation and 
testing support for instruments, as part of an overall 
parts program plan.  Instrument shielding designs were 
developed, and were aided by a specially developed 
radiation control program and the formation of the Ra-
diation Working Group within the science team.  Addi-
tionally, a Cable Working Group was also formed 
within the science team to monitor, investigate and 
make recommendation on the cabling between the elec-
tronics inside of the radiation vault and the instrument 
sensors located on the main deck.   
Managing ten (10) instruments. The differing cul-
tures of the many organizations presented challenges to 
the Juno Payload Office.  Even differences exist be-
tween JPL and GSFC.  Although both appear on the 
NASA organizational chart, they have developed dis-
tinctly different cultures and associated procedures for 
instrument development.  
To resolve these differences, Payload System Man-
agement had to establish contracts, MOUs, and a clear-
ly defined set of deliverables and receivables for each 
instrument.  Routine schedule and technical reporting 
requirements were established.  The Project traveled to 
each instrument provider and reviewed JPL’s Design 
Principles and Flight Project Practices against their 
institutional practices to understand gaps and differ-
ences.   
Weekly technical discussions were a standard project 
tool for ensuring that appropriate development issues 
were identified early and addressed.  Instrument teams 
supported routine discussions on the payload, software, 
radiation, mission design & scenario, and other topics.  
In addition, the project established various working 
groups (EMC, Mag-boom, pointing and alignment, 
etc.) to ensure that the requirements were satisfied.  
Coordinating the MAG boom. One of the challeng-
es was the development and integration of the magne-
tometer boom and the instrumentation attached to it.  
The boom itself is one of the larger pieces of structure 
on the spacecraft, and it held the sensors for the FGM 
and ASC.  The formulation agreement was that LM 
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was responsible for the boom, while GSFC was the 
lead for MAG. In order to achieve successful develop-
ment and integration among these parties, a Mag-boom 
working group was established, and which defined 
interfaces between instrument and spacecraft.   
EMC/EMI/Magnetics The breadth of EMI require-
ments was extensive because of the Payload’s inclusion 
of certain instruments (Waves & MAG, in particular).  
Other instruments bring certain requirements to the 
table (surface charging limitations for JADE) that were 
not present on previous missions (LM had no ‘heritage’ 
for such a requirement from MRO). The sensitivity of 
the MWR was also a challenge with respect to EMI.  
Even at launch, special efforts to ensure no cell phones 
went near the spacecraft and no radar or other strong 
radio frequencies were around Kennedy Space Center 
once the Juno spacraft had been mated to the launch 
vehicle.  
Another key challenge was ensuring that quality 
measurements were produced in the high magnetic 
field of Jupiter.  In order to mitigate this concern, the 
project established Mag/EMC/EMI cleanliness and test 
programs, under the auspices of a Magnetics Control 
Board (which also oversees the modeling and analysis 
of electromagnetic effects), and the co-investigator for 
MAG was a valuable advisor to the Flight System de-
signers with respect to magnetics. Magnetics work-
shops were held throughout the formulation and im-
plementation phases. 
Contamination control for MCPs: Multiple instru-
ments within the payload (JEDI, JADE, and UVS) in-
clude micro-channel plates (MCPs) and MCPs are 
known to be highly contamination-sensitive. The Flight 
System design (e.g. thruster locations) and ATLO flow 
needed to account for the needs of the MCPs vis-à-vis 
contamination control.  Appropriate science require-
ments were documented, and analysis was needed to 
gain confidence that MCP performance would not be 
degraded.  The resulting design trade-offs impact 
Flight System mass and the instrument FOVs.  Thruster 
locations were adjusted, as required to ensure all in-
struments met science performance requirements.  
Analyses was provided to instrument teams for their 
review (to ensure requirements are met).   
Burst Mode: Juno has an enhanced instrument data 
rate which is called “burst mode”.  It is a feature 
whereby high-rate data is collected for very short peri-
ods of time, with only higher quality data downlinked.  
The instruments that participate in burst data collection 
are JADE and Waves, with UVS using a data manage-
ment scheme that is based on the same principles.  It is 
a special feature because the information from one in-
strument (Waves) is used to on-board-process the data 
from another (JADE).  What makes it especially intri-
guing is that the processing is done by the S/C, not by 
either of the two instruments.  Design features like this 
typically get special attention on JPL missions because 
of the general principle that the failure of a single in-
strument should not propagate to another.  In this case, 
burst mode can be enabled or disabled for each instru-
ment, thereby creating isolation.   
What makes it especially intriguing is that the pro-
cessing is done by the S/C, not by either of the two 
instruments.  Design features like this typically get 
special attention on JPL missions because of the gen-
eral principle that the failure of a single instrument 
should not propagate to another.  In this case, burst 
mode can be enabled or disabled for each instrument, 
thereby creating isolation.   
Summary: The challenges on Juno were numerous, 
with many similar to other NASA missions.  The spe-
cial challenges for Juno included the radiation, solar 
power, power, mass, and the shear number of instru-
ments.  The management of our limited resources re-
quired careful and constant monitoring.  Issues 
throughout development had to be dealt with efficiently 
in order to stay within the cost cap.  Juno’s novel ap-
proach to conceptual design (synergy between science, 
engineering, and mission design) was key to our suc-
cessful implementation.  The inherent efficiency gained 
by this conceptual approach provided the basis for a 
flagship style outer planet orbiter at a New Frontiers 
program cost level. Continuation of this synergistic 
approach during implementation forced constant and 
effective communication across the project’s engineers 
and scientists. Discussion and decision meetings both 
routinely occurred withn this synergy framework, in-
cluding our weekly meetings.  Everyone was on ONE 
team.   
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REMOTE ENERGETIC NEUTRAL ATOM (ENA) IMAGING OF SPACE PLASMA AND NEUTRAL GAS 
IN HARSH RADIATION ENVIRONMENTS: APPLICATIONS TO JUPITER.  P. C. Brandt, D. G. Mitchell, 
J. Westlake, B. H. Mauk, C. P. Mauk and S. M. Krimigis, The Johns Hopkins University Applied Physics Laborato-
ry, 11100 Johns Hopkins Road, Laurel, MD 20723, pontus.brandt@jhuapl.edu 
 
 
Jupiter's magnetosphere is by far the largest object 
in the sky if it would be visible from Earth. Dense, 
cold plasma originating from Europa and Io fills the 
entire magnetosphere. Its stellar-like transfer of angu-
lar momentum from the fast rotating planetary magnet-
ic field to the space plasma environment is the engine 
that makes the Jovian magnetosphere also the biggest 
planetary particle accelerator within the solar system, 
heating plasma to more than 108 K. These global 
transport and heating processes lead ultimately to the 
Jovian rapidly rotating magnetodisc of almost astro-
physical proportions. 
ENAs are produced when singly charged ions 
charge exchange with neutral gas atoms or molecules. 
Ionic plasmas trapped in magnetospheres produce 
ENAs that propagate along straight trajectories unaf-
fected by electromagnetic fields and, if sufficiently 
energetic, also unaffected by gravitational fields. 
Therefore, ENA imaging is so far the only technique 
capable of obtaining global images of the magneto-
spheric plasma, which otherwise would have remained 
invisible, in particular proton plasma, which often 
dominates. ENA cameras on Cassini and the terrestrial 
IMAGE mission have already revealed global, explo-
sive acceleration processes and their connection to the 
ionosphere, aurorae and radio emissions. Therefore, 
the technique is considered to be game-changing and 
one of the required measurement techniques for the 
Jupiter Icy moon Explorer (JUICE) and possibly other 
planetary missions. 
In this presentation we first discuss the high-level 
science drivers for this type of imaging applied to the 
JUICE. Second, we quantify the severe requirements 
on radiation background rejection and some of the crit-
ical trade-offs that need to be done to successfully 
achieve the science goals. Third, we discuss the back-
ground rejection techniques for ENA cameras for ful-
filling the severe requirements of the harshest radiation 
environment of the solar system. 
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Fig. 1   CIRS 
measures Titan 
CIRS AND CIRS-LITE AS DESIGNED FOR THE OUTER PLANETS: TSSM, EJSM, JUICE   J. Brasunas1, 
M. Abbas2, V. Bly1, M. Edgerton1, J. Hagopian1, W. Mamakos3, A. Morell1, B. Pasquale1, W. Smith1;  1NASA God-
dard, Greenbelt, MD; 2NASA Marshall, Huntsville, AL; 3Design Interface, Finksburg, MD. 
 
Introduction:  Passive spectroscopic remote sensing of 
planetary atmospheres and surfaces in the thermal infrared is 
a powerful tool for obtaining information about surface and 
atmospheric temperatures, composition, and dynamics (via 
the thermal wind equation).  Due to its broad spectral cover-
age, the Fourier transform spectrometer (FTS) is particularly 
suited to the exploration and discovery of molecular species. 
NASA Goddard’s Cassini CIRS FTS [1] (Fig. 1) has given 
us important new insights into stratospheric composition and 
jets on Jupiter and Saturn, the cryo-volcano and thermal 
stripes on Enceladus, and the polar vortex on Titan.  We 
have designed a lightweight successor to CIRS  – called 
CIRS-lite - with improved spectral resolution (Table 1)  to 
separate blended spectral lines (such as occur with isotopes).  
CIRS-lite includes four key components: 
• high Tc superconductor bolometer/carbon nano-tube 
(CNT)  absorber (~ 87K, YBCO) 
• synthetic diamond beam splitter (~ 140K) 
• moving mirror mechanism with crossed-roller bearings ( ~ 
110K) 
• single crystal silicon for the input telescope primary 
 
Table 1: Comparison of planetary FTS’s 
 
CIRS-lite as a remote sounder operates in both limb and 
nadir modes.  CIRS-lite has better spectral resolution and 
higher sensitivity (due to larger telescope and more sensitive, 
cryogenic detectors) compared with non-Goddard FTS’s 
such as TES and ESA’s Planetary Fourier Spectrometer (Ta-
ble 1).  CIRS/CIRS-lite uniquely monitors both the far and 
mid infrared, a rich source of molecular lines in the outer 
solar system.  The FTS approach is a workhorse compared 
with more specialized instruments such as heterodyne mi-
crowave spectrometers which are more limited in wavelength 
range and thus the molecular constituents detectable.  As 
such it is well adapted to map temperatures, composition, 
aerosols, and condensates in Titan’s atmosphere and surface 
temperatures on Enceladus.  Additionally, a lighter, more 
sensitive version of CIRS can be used to advantage in other 
planetary  missions, and for orbital and surface lunar mis-
sions. 
 
Details of the four  key components for CIRS-lite are: 
•  high Tc superconducting bolometers (Fig. 2) for long 
wavelengths, about five time more sensitive than the thermo-
pile detectors on Cassini CIRS [2], combined with a CNT 
absorber. 
• chemical vapor deposited diamond beam splitter [3] for 7 
to 300 microns wavelength (1000 possible), whereas CIRS 
needs two beam splitters and two FTS’s to cover this spectral 
range 
• FTS moving mirror mechanism (double-passed), with less 
mass than CIRS yet with four times the spectral resolution. 
 
The increased sensitivity of the long-wavelength detectors 
enables CIRS-lite to employ a smaller telescope and smaller 
FTS optics while maintaining signal-to-noise (S/N), leading 
to mass reduction.  Further mass reduction comes from re-
placing two FTS’s with one, due to the diamond beamsplitter 
(Fig. 3).   Replacing CIRS’ flexure-supported moving-mirror 
mechanism with double-passed, crossed-roller bearings ena-
bles us to achieve a four-fold increase in spectral resolution 
with no increase in mass or volume (Fig. 4).  With this dou-
ble passing from the FTS optics architecture, we achieve 
0.06 cm-1 resolution (Rayleigh, unapodized). We have 
demonstrated the operation of this mechanism under labora-
tory conditions and 
near 110K. 
● A fourth compo-
nent helpful for 
cryogenic operation 
is the use of silicon 
optics [4] (Fig. 5).  
Silicon can be fab-
ricated in an excep-
tionally pure and 
spatially uniform 
state, lessening 
figure distortion during a temperature change.      
The majority of the CIRS-lite optics are aluminum alloy 
(mirrors, mounts, and bench) to maintain alignment at cryo-
genic temperature (~ 150K).  These mirrors are diamond-
turned in-house at Goddard, as shown in Fig. 6.  Table 2 
summarizes CIRS-lite as envisaged for planetary missions.  
The range of wavelength coverage, telescope diameter, etc. 
will depend on the mission chosen. 

















Fig. 6:  Diamond turning one of the aluminum mir-
rors 
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Venera D strawman 
Table 2. 
 
Looking beyond the outer solar system: 
 
Mars and the role of an orbiting FTS     From the 
Concepts and Approaches for Mars Exploration meeting, 
June 12-14, 2012, Houston, TX 
(near term: 2018-2024, and midterm: 2024-2030) 
 
Challenge Area 1:  Instrumentation and Investigation Ap-
proaches — 
Near-term examples include, but are not limited to: 
Item 3: Orbital measurements of surface characteristics 
such as composition and morphology 
Mid- to longer-term examples include, but are not limited to: 
Item 6:  Concepts for measurements of lower atmosphere 
winds and densities, either globally or at specific sites to 
support future landing systems. 
 
And From MEPAG 2010 
Goal II: Understanding the processes and history of climate 
on Mars (Climate) 
Objective A: Characterize Mars’ atmosphere, present cli-
mate, and climate processes under current orbital configura-
tion  
CIRS-lite is well-placed to characterize global methane dis-
tribution and to support orbital measurements of atmosphere 
in general. 
 
   Venus     PFS (Formisano)  0.9 to 45 um, 2 cm-1 
PFS is designed to measure the chemical composition and 
temperature of the atmosphere of Venus. It is also able to 
measure surface temperature, and so search for signs of vol-
canic activity. 
 
The PFS scanner - the mirror needed by the instrument for 
pointing - is currently blocked in a closed position, prevent-
ing the instrument spectrometer from 'seeing' its targets. 
 
Thus there continues to be a need for a PFS-like instrument 
at Venus, perhaps CIRS-lite? 
 
Future Venus mission possibility – Venera D, whose goal is 
investigation of the surface, atmosphere and plasma envi-
ronment of Venus to under-
stand the formation and evo-
lution of the planet and its 
atmosphere. 
 
Venera D contemplates a 
PFS-type instrument on the 










   CIRS-lite for Earth’s moon (surface ice deposits) 
Previous lunar missions (Clementine radar and Lunar Pro-
spector neutron spectrometer) have respectively seen indica-
tions of water ice or hydrogen deposits in permanently shad-
owed areas near the south pole on the lunar far side.  The 
neutron spectrometer hydrogen signal may indicate water, or 
it may indicate hydrogen deposited by the solar wind (pre-
dominantly hydrogen), as has the LRO LEND instrument.  
LRO/LCROSS apparently identified a plume of water re-
leased by an impactor, however it is the hydroxyl group that 
has been measured, and this may be indicative of hydrates 
rather than water ice.  The identification of possible water ice 
deposits at the lunar south pole is clearly a pacing issue for 
the lunar exploration program.  Spectroscopy may be able to 
identify the nature of the heterogeneous ice / regolith mix-
tures that could be present on the moon, with enough quanti-
tative information to specify the concentration (perhaps ~1% 
by mass) of the ice in the regolith and thus the economic 
viability of extracting it.  Given the presence of impurities, 
such an understanding may require high spectral resolution; 
we will need to distinguish between water ice and hydrated 
non-ice constituents. 
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The presence of ice would be an important resource for on-
going lunar habitation, supplying water, oxygen and hydro-
gen.  In addition to the usefulness of ice as a resource, study 
of the ice/regolith mixture will make important science con-
tributions.  Unknown are the polar regolith grain size distri-
bution and agglutinate physical properties.  We do not know 
whether the polar regolith is finer grained compared with 
non-polar regolith.  In addition to learning about the regolith, 
we may learn something about the nature and time history of 
the source of the polar hydrogen.  The source is as yet un-
known, and could be some combination of solar wind hydro-
gen, H2O and perhaps CH4 and CO released from  non-polar 
regolith, hydrous meteorites, and comets.  Berezhnoy et al. 
[5] have predicted the delivery of CO2, H2O, SO2 and S to 
the moon by O-rich short-period comets.  They estimate 
elemental sulfur delivery near the poles at 106 g yr-1.  Their 
cold trap capture probabilities for SO2 and CO2, respectively, 
are 2.5% and 25% of the H2O rate.  
 
Surface-based in-situ (near remote sensing) of permanently 
shadowed surface ices could be performed in the 
uv/visible/NIR or in the FIR. 
(a) Use a NIR source (thermal, LED, and/or laser) to illumi-
nate the nearby surface and measure the reflection spectrum.  
The water itself may be present as a minority ice component 
mixed in with the regolith, or as hydrated non-ice constitu-
ents.    
Mixtures of ices could be characterized using their IR spectra 
(Table 3).  N2, CH4 and NH3 are examples of other ices 
which are typically mixed with H2O-ice; the Apollo program 
tentatively identified CO, CO2 and CH4 in the lunar atmos-
phere.  The identification of other ices in lunar soil would be 
an important precursor to mining lunar deposits. 
 
Potential Molecular Bands for Analysis 
Table 3 
 
To get depth information of the icy near-surface deposits, we 
could use a laser source or ultrasonic generator to 
heat/agitate the surface and drive off a volatile plume to be 
measured in the gas phase. 
 
(b) Measure surface icy deposits in emission in the FIR (40 
to 100 microns).  The low surface temperatures (< 100K) of 
permanently shadowed regions means emission measure-
ments must be done in the FIR.  Astrophysics measurements 
of interstellar dust grains have identified lattice features of 
water ice:  [6] shows these astrophysical data superimposed 
upon the spectrum of crystalline laboratory ice.  The far in-
frared bands of water ice were observed in a circumstellar 
shell, where water is the dominant grain constituent.  The 
FIR bands are produced by translational modes in the lattice 
and is thus a sensitive function of the deposition mode.  
Crystalline ice has two peaks in absorptivity; in amorphous 
ice, the longer wavelength peak is suppressed. 
 
It is not assured that the FIR features will be present even if 
water ice is present.  A temperature gradient is also required 
when looking at optically thick targets, and this is expected 
to be a contributor to the non-detection of this water ice fea-
ture in Voyager IRIS data.  Nor was it seen in icy comets [7].   
In the case of the lunar regolith, it may help that the thermal 
conductivity of slowly deposited amorphous water ice is 104 
times smaller than crystalline ice [8], coupled with a lunar 
heat flow. 
 
Recent NASA GSFC development of MgB2 superconductor 
bolometers (Tc near 37K) are especially attractive for this 
application[9], as these bolometers appear to be significantly 
faster than YBCO detectors operating near 87K. 
 
   Earth 
 
Earth’s spectrum longward of 15 microns is largely unex-
plored, and various groups propose monitoring it for climate 
studies, as could CIRS-lite. 
 
REFIR  (Italy)/FORUM  targets 0.5 cm-1  resolution, cover-
ing 100-1100 cm-1  for rotational water vapor.  These designs 
include a bore-sighted imager for cloud identification (ther-
mal IR), and a broad-band radiometer.  Technical challenges 
include the beam splitter efficiency, and the relatively insen-
sitive pyroelectric detectors. 
 
FIRST (NASA Langley)  also targets water vapor , extending 
Earth monitoring from the current ~ 15.4 μm to 100 μm.  
This concept continues to FIREX and 
CLARREO. 
 
Both the Italian and US efforts begin with 
balloon systems, and attempt to extend these 
to space missions.  CIRS-lite could do some-
thing similar. 
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Introduction:  The ability to analyze heterogene-
ous rock samples at fine spatial scales would represent 
a powerful addition to our planetary in situ analytical 
toolbox. This is particularly true for Mars, where the 
signatures of past environments and, potentially, habit-
ability are preserved in chemical and morphological 
variations across sedimentary layers and among miner-
al phases in a given rock specimen. On Earth, microbi-
al life often associates with surfaces at the interface of 
chemical nutrients, and ultimately retains sub-mm to 
mm-scale layer confinement in fossilization. On Mars, 
and possibly other bodies, trace chemical markers (el-
emental, organic/molecular, isotopic, chiral, etc.) and 
fine-scale morphological markers (e.g., micro-fossils) 
may be too subtle, degraded, or ambiguous to be de-
tected, using miniaturized instrumentation, without 
some concentration or isolation. This is because (i) 
instrument sensitivity may not be high enough to detect 
trace markers in bulk averages; and (ii) instrument 
selectivity may not be sufficient to distinguish such 
markers from interfering/counteracting signals from 
the bulk. Moreover from a fundamental chemostrati-
graphic perspective there would be a great benefit to 
assessing specific chemical and stable isotopic gradi-
ents, over mm-to-cm scales and beyond, with higher 
precision than currently possible in situ.  
We have developed a precision subsampling sys-
tem (PSS) that addresses this need while remaining 
relatively flexible to a variety of instruments that may 
take advantage of the capability on future missions. 
The PSS is relevant to a number of possible 
lander/rover missions, especially Mars Sample Return. 
Our specific PSS prototype is undergoing testing under 
Mars ambient conditions, on a variety of natural analog 
rocks and rock drill cores, using a set of complemen-
tary flight-compatible measurement techniques. The 
system is available for testing with other contact in-
struments that may benefit from precision sampling. 
PSS Design: The PSS concept (Fig. 1) couples 
sampling, subsampling, manipulation, preparation, 
transport, analytical, and caching functions in a single 
integrated system saving significant payload mass, 
lowering development risk, and amplifying science 
benefit compared with separated instrument develop-
ments. The focus of PSS development has been on a 
secondary sampling scenario, in which the primary 
samples such as cores, loose specimens, or rock cut-
tings have been acquired by a separate device and pre-
sented to the PSS such as shown in Fig. 1. The Pre-
View Bit [2] design of Honeybee Robotics has demon-
strated the plausibility of subsampling a core directly 
from the bit (not requiring ejection).  However, it is 
possible to consider primary precision subsampling, 
with the localized cutting tool applied directly to Mars 
surface material and with a specialized capture device. 
 
 
Fig. 1  Schematic arrangement of Precision Subsampling 
System (PSS) components, for the case of a ~1 cm diameter 
core sample. Sizes of and distances between the subsampling 
device, the conveyor, the seal mechanism, and the analysis 
instrument are notional and may be adjusted as needed. 
 
Subsampling.  The requirement for subsampling is 
to obtain an adjustable quantity of sample (10 µg – 1 
mg) from any point on a core localized to a 1 mm or 
narrower “layer” (laminations normal to the core axis) 
or other feature. The core is assumed to be sufficiently 
consolidated at the sampling site for stable operation. 
The most direct approach tested uses a small rock 
grinding device with a robust universal bur or set of 
exchangeable burs. Following numerous tests of grind-
ing tools over parameters including speed, rock hard-
ness, grinder lifetime, powdering efficiency, and fines 
spatial scatter [1], a cut-off type wheel approach with a 
polycrystalline diamond grinding edge was selected for 
implementation in the prototype PSS (Fig. 2). 
Collection and Transport.  The prototype follows a 
simple tape-based passive collection approach previ-
ously demonstrated in a terrestrial aerosol collection 
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time-of-flight mass spectrometer [3]. The tape with 
various surface structures (e.g., divots, fine mesh) and 
treatments (e.g., adhesives, electrostatic anchors) sup-
ports entrapment of particulates on a substrate for both 
imaging/contact sensors as well as laser desorption, 
which can be done in vacuo with the tape serving as a 
demountable vacuum sealing gasket. With appropriate 
material selection, and treatment, the tape-based sys-
tem has been found to efficiently collect a thin, local-
ized layer of subsample. In this approach each of po-
tentially hundreds of mm-scale subsamples occupies a 
pristine section of tape. Precise “forward” and “re-




Fig. 2 The PSS prototype operating in a Mars atmosphere 
chamber is being tested to understand grinding behavior, 
particle size, flow, and electrostatic characteristics, to opti-
mize subsampling, collection, and transport protocols. Direct 
analysis of subsamples with breadboard flight instruments 
such as a fluorescence microscope, a Raman spectrometer, 
and a laser mass spectrometer (not shown) are accommodat-
ed at positions arrayed on a linear tape-like substrate. 
 
Analysis.  Subsamples may be sequentially ana-
lyzed under Mars ambient or high vacuum conditions. 
As an example, a microscope combined with point 
spectrometers using UV fluorescence, Raman, and/or 
IR reflectance could probe both the core and the sub-
sample to determine the presence of organic com-
pounds which could then be thoroughly studied with a 
mass spectrometer using laser sampling [4] or micro-
fluidic-based chemical extraction steps. Such “surface” 
probes typically only require a smooth and continuous 
focal plane of a few mm diameter, and therefore sam-
ple masses only in the mg range and below. 
A number of chemically heterogeneous samples in-
cluding dolomite/shale layered cores from Australia, 
nontronite clay and stilpnomelane/quartz specimens, 
and cryptoendoliths in sandstone have been subsam-
pled for evolved gas and laser mass spectrometry and 
mineralogy to demonstrate the system's benefits [1]. 
PSS for MSR:  Precision subsampling would be a  
particularly poweful capability on a Mars sample re-
turn sample collection mission. As returning a given 
hand sample or full sample core would represent a 
significant mass investment, analysis of subsamples 
would be effective at enabling triage (keep/drop) char-
acterization of the core at scales closer to the microa-
nalyses eventually to be performed on Earth, lowering 
science risk. In addition, the PSS was designed to per-
mit direct caching of subsamples following triage-
mode analysis, using the take-up reel approach. Con-
sidering the greatly reduced volume and mass of a col-
lection of high-value subsamples compared to their 
host rock or core, returning the subsample cache itself 
would deliver a far greater variety of rocks and/or mi-
croenvironments (both type and site) than possible 
with the nominal “bulk sample only” return approach. 
This advantage propagates through both science and 
human exploration precursor goals, given the driving 
challenge to assure we are sampling a sufficiently di-
verse set of materials in the mission’s mobility hori-
zon. 
The take-up reel is one of several possible ap-
proaches to caching a large number of subsamples. Its 
benefits include (i) compactness, (ii) uncomplicated 
coupling to the PSS architecture, (iii) the ability to 
tailor the tape for a variety of sample types and particle 
sizes, and (iv) the built-in separation between subsam-
ples. Its disadvantages include (i) the potential loss of 
volatiles during subsampling or subsequent steps, (ii) 
the need to retain samples as they move around in the 
reel, and (iii) the need to separate the reel for hermetic 
sealing and coupling to the fetch rover/return vehicle. 
However, other approaches face similar challenges. On 
balance we foresee the incorporation of some or all 
PSS capabilities as enabling technology for high-
fidelity in situ science and human precursor analysis as 
well as for MSR. 
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Introduction:  We present a novel method to fa-
bricate compact metal mesh bandpass filters for use in 
mid- to far-infrared planetary instruments operating in 
the 20-600 micron wavelength spectral regime.  Our 
target applications include thermal mapping instru-
ments on ESA’s JUICE as well as on a de-scoped JEO.   
These filters are novel because they are compact, 
customizable, free-standing copper mesh resonant 
bandpass filters with micromachined silicon support 
frames.  The filters are well suited for thermal mapping 
mission to the outer planets and their moons because 
the filter material is radiation hard.  Furthermore, the 
silicon support frame allows for effective hybridization 
with sensors made on silicon substrates. Using a Fouri-
er Transform Spectrometer, we have demonstrated high 
transmittance within the passband as well as good out-
of-band rejection [1].   
In addition, we have developed a unique method of 
filter stacking in order to increase the bandwidth and 
sharpen the roll-off of the filters.  This method allows 
one to reliably control the spacing between filters to 
within 2 microns. Furthermore, our method allows for 
reliable control over the relative position and orienta-
tion between the shared faces of the filters.  
Filter Fabrication:  The filters were fabricated on 
Si(001) substrates.  Photoresist was patterned on top of 
a Cu electroplating seed layer so as to define the shape 
of the mesh.  Additional Cu was electroplated, and the 
Cu membranes were defined by deep reactive ion etch-
ing the Si from the back of the substrate.  The photo-
resist was subsequently removed via reactive ion and 
chemical etching.   
A scanning electron micrograph of three filters is 
shown below.  In this case the mesh consists of a cop-
per sheet with cross-shaped holes.  The Si frame sepa-
rates the individual filters, which allows arrays to be 
defined.  Using our technique, we were able to fabri-
cate filters or filter arrays with 19 different mesh geo-
metries on a single Si wafer. 
 
Filter Characterization:  The filters were charac-
tierzed in the mid-to far-infrared spectral band using a 
Bruker IFS 125 Fourier Transform Spectrometer 
(FTS).  The instrument is configured to perform mea-
surements both at room temperature and at temperature 
below 10 K. 
A representative transmittance curve of a mesh fil-
ter with cross-shaped holes is shown below: 
 
The curve exhibits a high peak transmittance at the 
design frequency, which, guided by electromagnetic 
modeling software, is 28.5 microns.  Furthermore, the 
roll-off is sharp and the out-of-band rejection is high.  
The feature exhibited at low wavelength is a conse-
quence of scattering into higher order modes. 
Of note is that the filter response improves slightly 
upon cooling to 7 K. 
Filter Stacking:  During filter fabrication we de-
fined alignment marks on one side of the filters using 
photoresist.  These marks allowed us to align the filters 
between their shared faces. 
The process of bonding the filters together con-
sisted of applying small droplets of polystyrene-loaded 
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epoxy.  The polystyrene consisted of spheres of a well-
defined diameter.  Thus, we were able to set the spac-
ing between filters.  Once the epoxy was applied to one 
filter, the other filter was aligned and bonded to it us-
ing a fine-placer tool. 
An image of stacked filters is shown below: 
  
The stacked filters were found to remain bonded af-
ter cryogenic thermal cycling.  Furthermore, the size of 
the passband is larger for the stacked filters; a repre-
sentative tranmsmittance curve is presented below: 
 
Other stacking techniques which are being consi-
dered include the use of ultrathin silicon spacers or the 
use of the silicon frame itself. 
Summary:  We have demonstrated fabrication of 
and characterization of individual and stacked band-
pass filters.  The filters are made out of copper, which 
makes them radiation hard.  Furthermore, their Si 
frames are lightweight and allow for low form factor.  
Consequently, they are suitable for instrumentation 
which uses arrayed detectors in high-radiation envi-
ronments found near the outer planets and their moons.     
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Introduction: Our understanding of the sublima-
tion of H2O and CO2 ice and related atmospheric 
changes is the result of recent studies of springtime 
recession using the CRISM instrument on MRO [1], 
the THEMIS instrument on Mars Odyssey [2] and the 
TES instrument on Mars Global Surveyor [3]. How-
ever, observations of the recession phenomena such as 
geysers and asymmetric retraction beg the key scien-
tific question – what role does spatial and temporal 
deposition of ices during winter play in the annual 
CO2 and H2O cycles on Mars? 
ASPEN is designed as a response to this first or-
der scientific question regarding Martian climate. 
Instrument Description: The ASPEN instrument 
will be a multi-wavelength, altitude-resolved active 
near-infrared (NIR) instrument to measure the re-
flected intensity and polarization characteristics of 
backscattered radiation from planetary surfaces and 
atmospheres. The proposed instrument is ideally suited 
for a mission to Mars to investigate the nature and sea-
sonal abundance of atmospheric dust and icy volatiles, 
provide insight into surface and cloud grain sizes and 
shapes, evaluate cloud particle microphysics and also 
provide atmospheric column content constituent 
chemistry during polar night and day. 
Applications to Mars: By operating in the 1.43-
1.67 µm region, the active sensor will be sensitive to 
H2O ice and vapor and CO2 ice and vapor and dust. 
The ASPEN instrument capabilities include the follow-
ing: 
1. Global, night and day mapping of H2O and CO2 
volatiles (ice and vapor) and dust storms, 
2. Unambiguous discrimination of CO2 from H2O 
ice clouds, and 
3. Multiwavelength polarization measurements to 
infer shape of ice and dust grains. 
Our knowledge of the Martian polar regions is con-
strained by the current passive mode of instruments 
that have been put in orbit over the Martian poles. To 
date, technological constraints have dictated that re-
mote sensing instruments on planetary science mis-
sions be passive or restricted to active sensing at lim-
ited, well understood wavelengths (e.g. 1.064µm laser 
ranging with MOLA and 5/20MHz ground penetrating 
radar with MARSIS/SHARAD). 
Science Questions: Previous instruments have 
given glimpses of cloud and surface ice activity on 
Mars, but no previous Martian orbital instrument has 
been able to achieve the following: 
a.) Detect clouds up to 100km above the Martian 
surface during night and day; 
b.) Discriminate between H2O and CO2 ice; 
c.) Map cloud structure using lidar backscatter and 
depolarization; 
d.) Map large grained (up to 30cm) CO2 slab ice in 
the polar night [1]; 
e.) Determine whether H2O ice in the southern po-
lar trough system is due to cloud [4] or surface ice [5]; 
       f.) Monitor ‘cold spot’ activity during the polar 
night and determine whether these enigmatic features 
are due to CO2 clouds, precipitation, blizzards or sur-
face ice [6]; 
g.) Monitor night and day geyser activity over the 
‘Cryptic Region’ in southern spring and determine 
what amount of solar energy is required for them to be 
active [7]; 
       h.) Uniquely identify cloud types and plate-
let/grain orientation, in order to confirm the presence 
of convective CO2 cloud towers, a potentially critical 
part of the polar night dynamics and energy partition-
ing [8]; 
i.) Provide atmospheric column dust optical depths 
whenever the instrument is in operation [9,10]. 
Terrestrial Analog Instrument: The CALIOP li-
dar onboard the CALIPSO spacecraft is a very similar 
 
Figure 1 – The ASPEN instrument in orbit around 
Mars, investigating the north polar hood. 
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instrument to the proposed ASPEN instrument. 
CALIOP operates a beam-doubled Ng-YAG laser at 
0.532 and 1.064 microns and uses a mirror diameter of 
1m. CALIOP has been used to investigate terrestrial 
dust optical depths [9,10], multi-layer vs. single layer 
cloud properties [11], ice water content [12] and parti-
cle orientations [13]. 
Preliminary radiometry calculations suggest that a 
spacecraft instrument could be 17kg (roughly half the 
weight of MOLA), with output power of 0.18W, (~half 
the output of MOLA) but with 10kHz pulse rate. It 
could operate with a power of 17W from the space-
craft, and would have a dish intermediate in size be-
tween MOLA and CALIOP. 
The space-qualification of lasers, lidars, and deep 
space instruments is an area of expertise for Ball Aero-
space. Ball designed and developed the CALIOP lidar 
[14], in Earth orbit on the CALIPSO satellite, and en-
abled the vendor, Fibertek Inc., to space qualify the 
CALIOP laser. 
NASA Requirements: The Mars Science commu-
nity has recognized the need for an ASPEN-type in-
strument. The Second 2013 Mars Science Orbiter Sci-
ence Analysis Group (MSO SAG) report stated that a 
“multibeam lidar” similar to LOLA on the Lunar Re-
connaissance Orbiter and inheriting many aspects from 
the CALISPO lidar would “resolve optically dense 
atmospheric phenomena” and “significantly constrain 
seasonal mass budgets” and would be ideal for a “2013 
MSO mission” [15]. The MSO SAG report also high-
lighted the need for Polar investigations, proposing a 
suite of observations for “P (Polar) type” observations. 
A lidar instrument such as ASPEN was also rec-
ommended in the report on the 3rd International Work-
shop on Mars Polar Energy Balance and CO2 Cycle 
[16] and has been emphasized as a future instrument 
priority in a white paper submitted to the Planetary 
Sciences Decadal Survey entitled ‘Mars Polar Science 
for the Next Decade’. 
Laboratory Precursor Instrument: Following re-
cent funding of a NASA PGG proposal, we have 
commenced building a laboratory instrument called 
‘Coherent Backscattering LIDAR’ (CoBAL) as a pre-
cursor instrument to advance the Technical Readiness 
Level (TRL) of the ASPEN deign from TRL 1 to 3 
(Figure 2). The instrument is in construction at Ball 
Aerospace in Boulder, CO and will become opera-
tional before the end of the year. The instrument will 
also be used to investigate the polarization properties 
of the cohenent backscattering phenomenon [17]. The 
effect will be observed on appropriate planetary analog 
materials (esp. CO2 and H2O ices) in order to lay the 
ground work for the ASPEN Martian instrument. 
Future Work: We will be carrying out a range of 
experiments using the CoBAL instrument before the 
end of the year and will propose to the Planetary In-
strument Definition and Development Program 
(PIDDP) a field instrument variation to lift the TRL of 
the instrument from 3 to 5, with the eventual goal of 
riding to Mars in the 2018-2021 timeframe, potentially 
as part of the MICADO Discovery class mission [18]. 
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Figure 2 – The CoBAL instrument (a precursor to ASPEN) under construction at Ball Aerospace. 
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Introduction:  Time of flight mass spectrometry is 
widely used to study space plasmas in planetary and 
solar missions. It provides information about the plas-
ma physical and chemical properties by individual 
analysis of particles and statistical processing.  
A research and development project has been 
started at IRAP a couple of years ago to improve this 
kind of instrument. Current works aim to replace usual 
carbon foils by grazing incidence distributed surfaces 
and to lower high voltages needed for operation. The 
result would be a lighter and simpler instrument with a 
substantial mass resolution improvement when com-
pared to direct time-of-flight spectrometers. This work 
is made in collaboration with the PHOTONIS Compa-
ny and it is supported by the CNES (Centre National 
d’Etudes Spatiales – French Space Agency). 
 
Theory of operation:  A time-of-flight mass spec-
trometer selects ions as a function of their energy over 
charge ratio through an electrostatic analyzer. Particles 
are then post-accelerated to energies in the range of 20 
keV to cross a carbon foil. At the foil, electrons are 
emitted and then separated from the ion beam in the 
time-of-flight section. A first detector (a Micro-
Channel Plate) emits a start signal at electron arrival 
and a second detector emits a stop signal when the ion 
strikes it. The time difference gives the speed of the 
particle and its mass over charge ratio can be calcu-
lated, knowing its initial energy thanks to the electros-
tatic analyzer.  
 
 
Figure 1. Mass spectrometer operation principle including  
grazing incidence devices (MPO). 
 
This family of instruments covers an ion energy 
range from tens of electronvolts (eV) up to tens of ki-
loelectronvolts (keV). 
However, current instruments suffer from strong 
limitations. The post acceleration needs very high vol-
tage power supplies which are heavy, have high power 
consumption and imply technical constraints for their 
development. A typical instrument weighs from 4 to 6 
kilograms, includes a 20 kilovolts power supply and 
consumes at least 4 Watts. Besides, corona effect ap-
pears and can generate electrical breakdown problems, 
with irreversible damages on electronics and detectors. 
Moreover, despite the particle high energy range, 
ion scattering and straggling phenomena in the carbon 
foil significantly reduce the instrument overall resolu-
tion. Some methods, such as electrostatic focus lenses 
or reflectrons [1], really improve mass separation but 
global system efficiency remains very low because of 
the charge state dependence of such devices. Indeed, in 
this energy range, interactions with carbon foil mostly 
neutralize incident particles. 
 
 
Figure 2. Electron microscope image of MPO developed for 
MIXS (Mercury Imaging X-rays Spectrometer) on the  
BepiColombo mission [2]. 
 
The main purpose of our work is to replace carbon 
foils by square channeled grazing incidence MCP’s – 
also known as MPO’s for Micro Pore Optics – for elec-
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MPO analysis:  MPO’s were previously designed 
and produced for X-rays reflection and focalization 
onto solid state detectors in the context of the Mercury 
exploration mission BepiColombo [2]. MCP and MPO 
samples, supplied by PHOTONIS, have then been 
tested for electron emission under ion bombardment at 
IRAP (Institut de Recherche en Astrophysique et 
Planétologie, formerly CESR) with encouraging results 
in terms of mass separation [3]. 
 
Theory and simulations. Through this kind of de-
vices, incident particle backscatter onto the channel 
inner surface with a grazing incidence and undergo 
only a few interactions, instead of crossing a carbon 
foil. Energy losses are then consequently reduced and 
ion output angle distribution has a very little spread. 
With this solution, we can lower the power supplies to 
post accelerate ions between electrostatic analyzer and 
MPO entrance. However, a threshold energy is re-
quired for the kinetic electron emission process during 
ion – surface interaction, depending on considered 
chemical species [4]. This limit has been arbitrary set 
to 5 keV to ensure a sufficient electron yield and to 
keep an input energy resolution better than 5-6 % be-
fore scattering off MPO. 
 
 
Figure 3. Simulated energy distribution after  
scattering off MPO surface for N+ at 5 keV  
(MARLOWE simulation). 
  
 We simulated MPO’s behavior with the 
MARLOWE code [6] to describe the surface atomic 
structure which is of great importance at grazing inci-
dence. Scattering and straggling effects computed after 
interaction are promising for applications in mass spec-
trometry, with energy dispersion of about 1 % and 
beam spread angle inferior to 10 ° (cf. Figure 3 and 4, 
angles are indicated compared to the surface normal).
 These results only deal with single interaction be-
tween projectiles and surfaces whereas channel geome-
try has an important impact on final distributions. The 
main parameter to describe is the channel length over 
aperture ratio (L/D). Indeed, ion transmission across 
plates strongly depends on incident angle since the 
latter ratio is in the order of 60 for our MPO samples. 
We then considered a simple model for multiple in-
teractions into the channel. Besides, these simulations 
provide us statistics about inelastic losses during inte-
ractions between ions and material atoms, which is a 
first estimator to quantify electron emission. We also 




Figure 4. Simulated angular distribution after  
scattering off MPO surface for N+ at 5 keV 
(MARLOWE simulation). 
 
 Taking into account the mentioned effects, energy 
dispersion is typically about 3 % while output angular 
distribution remains unchanged with about 10 °, thanks 
to channel angular cutoff. The global transmission effi-
ciency for proper incidence is about 25 % with several 
emitted electrons for each incoming ion at 5 keV.  
  
Experimental measurements. An experimental de-
vice has been designed and built to confirm these nu-
merical results. With this instrument we were able to 
measure transmission efficiency of interacting ions and 
to obtain estimation of electron emission. The setup is 
composed of a MCP detector of 80 mm of effective 
diameter, a fixation system for MPO samples, an alu-
minum shielding box and associated electronics for 
polarization and detector signal amplification and 
transmission. The system is placed into a vacuum 
chamber under 10-7 millibars of pressure facing an ion 
gun. The detector counts transmitted particles and data 
are stored with a dedicated acquisition software, which 
also controls instrument orientation. 
We get the transmission efficiency of ions interact-
ing with surface of channels by comparing measured 
angular maps (cf. Figure 5) with a purely geometrical 
model of transmission. Electron flux is calculated by 
polarizing MPO up to tens of Volts. Thus emitted elec-
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trons with low energy (typically inferior to 1 eV) are 
extracted and accelerated towards the detector. We can 
then compare this map with the previous one and cal-
culate the ratio. Because of ions and electrons time 
coincidence and electronic dead times, the measured 
ratio is not proportional to the real one and the statis-
tical error becomes high. 
 
 
Figure 5. Angular map of ion beam transmission through  
MPO sample (experimental measurement). 
 
We get a global efficiency of about 30 % and many 
electrons per incident particle, which is close to what 
we expected with simulations. However, the channel 
reduced angle of acceptance implies some limitations 
in terms of input ion beam control. Therefore, grazing 
incidence MCP’s cannot be used in classical “tophat” 
time-of-flight mass spectrometer [7] without a suitable 
design for electrostatic analyzer and time measurement 
section. 
 
Prototype ion optics simulations:  For the instru-
ment definition, we have been led to deal with critical 
points, such as MPO – electrostatic analyzer coupling, 
electron beam control or attainable mass resolution. 
We developed a computer software to manage simula-
tion programs (MARLOWE and SIMION [8]) and find 
the best way to implement MPO’s in a direct time-of-
flight mass spectrometer. This high-level software layer 
makes easier parameterization of complex codes and 
significantly reduces time of data extraction and analy-
sis.  
We optimized incident beam properties out of the 
electrostatic analyzer onto MPO’s with respect to con-
straints previously established (cf. Figure 6). It con-
cerns energy dispersion, with a maximum of 6 % for 
highest range, angle of incidence distribution (eleva-
tion: ± 1 °, azimuth: ± 4 °) and the focus of a unidirec-
tional plasma beam onto a two square millimeters area. 
Aberrations and boundary effects are controlled thanks 
to a toroidal design and two different electrodes replac-
ing the usual internal monoblock sphere.  
Time-of-flight section contains two different sets of 
MCP for particle detection, in order to adjust separate-
ly ion and electron detector voltages. Gains are then 
totally independent and each detector polarization can 
be fitted for optimal operation. The incertitude sources 
are minimized with a standard deviation of 1 nanose-
cond for electron time-of-flight and 1 % of error for 
length of ion path. 
 
 
Figure 6. Energy and elevation distributions at entrance 
and exit of electrostatic analyzer (SIMION simulation). 
 
Prototype development:   
Mechanical design. The instrument is made of the 
topaht electrostatic analyzer described above. It is built 
in an independent setup to be easily integrated without 
losing alignment precision (typically of 0.04 mm). The 
inner sphere radius is of 54 mm and the outer one is of 
55.5 mm, leading to ∆R/R of about 2.7 %. The second 
block is the time-of-flight section, inspired by CODIF 
on Cluster [9]. It includes the MPO fixation system for 
the electron emission, a set of electrodes for the elec-
tron beam control and two concentric MCP detector 
planes respectively of 35 and 70 mm of radius. The 
time-of-flight length is about 50 mm.  
The electrostatic analyzer is bolted on an aluminum 
cylindrical housing and the TOF section is placed into 
it, right above electronic boards (cf. Figure 7). The 
instrument has a diameter of 220 mm, a height of 220 
mm and weighs about 2.5 kg without additional shiel-
ding and high voltage components. 
 
Electronic architecture. The analog frontend elec-
tronics is placed above the detection plane to minimize 
signal distortions and noise. It is composed of ten am-
plifiers-discriminators (8 starts and 2 stops) previously 
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developed at IRAP [10]. They have a time resolution 
of 250 ps and operate up to 2.5 MHz, to measure time 
delay of typically hundreds of nanoseconds with a 
MCP saturation rate of about 1 MHz. For cost reasons, 
the MCP detectors of the prototype cover only 180°. 
Digitalized signals are then transmitted to the digi-
tal board. It is composed of a PSU (Power Supply 
Unit), a FPGA (Field Programmable Gate Array), and 
a TDC (Time to Digit Converter) that measures time 
delays. The FPGA ensures data collection and trans-
mission to an exterior acquisition card connected to a 
PC. It also receives commands to control the HVPS 
(High Voltage Power Supply) situated on a dedicated 
card, via a set of DAC’s and ADC’s.  
The HVPS contains six DC/DC converters inhe-
rited from previous mission (BepiColombo). The high-
est power supply provides -5 kV for post-acceleration 
that also references MPO, MCP and electrodes. The 
last one controls independently the electrostatic ana-
lyzer. The global power consumption of the instrument 
is expected to be less than 2 W, including frontends, 
high voltages and digitals components.  
 
 
Figure 7. Instrument mechanical model  
cutoff and description. 
 
Conclusions:  Grazing incidence MCP seems to be 
a good candidate for time-of-flight spectrometry. The 
first part of the study has shown that output ions have 
sufficient energy resolution and electron emission, as 
low spread angle to be fully exploited with a time mea-
surement section. Moreover, additional constraints for 
MPO coupling in current instrument have been inte-
grated in a complete spectrometer prototype. It is now 
being manufactured and it will be soon tested. 
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Introduction: We present the science and re-
source-mapping capabilities of a synthetic aperture 
radar (SAR) sensor that can be accommodated on a 
Discovery class bus or as part of the instrument suite 
of a MRO/MAVEN scale spacecraft. Results from the 
Phoenix site, orbital neutron observations, and HiRISE 
studies of fresh craters all confirm the presence of wa-
ter ice close to the surface in mid-latitude regions of 
Mars [1-3]. These ice deposits represent a fundamen-
tally important resource for human presence and poten-
tial sites of current habitable environments. Observa-
tions of seasonally reoccurring slope streaks suggest 
that such ice bodies may supply releases of water onto 
the surface [4]. Hydrated mineral exposures associated 
with past habitable settings are also targets for sample 
return and potential resources for human presence [5, 
6]. An orbital SAR is uniquely suited to penetrate man-
tling dust and sediments, providing detailed maps of 
shallow ice, measuring the physical properties of slope 
streaks to verify the presence of brines, and revealing 
the geologic context of hydrated mineral exposures. 
Such observations are critical to understanding the 
evolution of Mars, and are key elements in selecting 
sites for sample return and in-situ resource studies. 
 
Fig. 1. Imaging radar viewing geometry. 
 
Synthetic Aperture Radar: SAR is an active im-
aging sensor, providing a map of the region illuminat-
ed from the side by an orbiting instrument (Fig. 1). 
Radar sounders such as MARSIS and SHARAD pro-
vide along-track profiles of material interfaces that are 
30 m or more below the surface with relatively coarse 
(km-scale) spatial footprints. In contrast, an orbiting 
SAR has spatial resolution comparable to visible-light 
sensors like THEMIS-VIS, and each pixel represents 
the radar echo from geologic features (layering, rocks, 
ice, brine) within the upper several meters of the land-
scape. This fine spatial resolution and depth-
penetration capability makes SAR an ideal tool to ex-
tend our knowledge of the geology and resources of 
Mars into the shallow subsurface region accessible to 
robotic and human explorers. 
Ice Detection and Mapping: Ice deposits that are 
of the meter scale or more in thickness, and relatively 
pure, have a strongly diagnostic radar signature. Ice 
layers have high radar echoes due to low microwave 
loss and the presence of cracks and voids that act as 
strong scatterers [7]. These attributes also lead to en-
hancement of the circular polarization ratio (CPR), 
greatly exceeding the typical range observed for dry, 
rocky settings [8]. Imaging radar identifies ice in per-
manently shadowed craters on Mercury (Fig. 2) [9], 
and similar scattering signatures are observed for the 
icy satellites [7, 10]. A Mars-orbiting SAR will pene-
trate mantling material [11] to map ice deposits within 
a few meters of the surface, and analysis of the 
backscatter amplitude and polarization will allow esti-
mation of their depth of burial and degree of purity. 
This type of detailed mapping fills a key knowledge 
gap in targeting shallow ice for resource utilization and 
astrobiology studies. 
 
Fig. 2. Arecibo radar view of craters at Mercury’s 
north pole [9]. The strong echo from regions of perma-
nent shadow is attributed to volume scattering by ice. 
 
Brine Detection: Recent studies show that some 
mid-latitude crater walls on Mars exhibit patterns of 
streak formation and disappearance consistent with 
outflows of liquid water under seasonally warmer con-
ditions [4]. Existing data cannot, however, rule out the 
possibility of dry material flow. Repeat-pass radar im-
aging will answer this question by measuring the 
change in physical properties associated with the 
streaks. Typical geologic materials have microwave 
reflectivity in the 0.1-0.2 range. If water is present to 
form even a thin brine interface, the reflectivity can 
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jump to 0.5 or more. Such a shift in radar echo from 
transient brine, even at sub-pixel scales, would be dis-
tinguishable from modest changes in surface roughness 
along the streaks. The penetration capability of the 
radar sensor also means that brine could be identified 
over a longer interval as it recedes beneath a dessicated 
cap; interferometric repeat-pass observations might 
also permit a survey of new streaks as they form. Map-
ping with confidence the locations of reservoirs for 
water outflows will increase understanding of recent 
climate and settings amenable to current habitability. 
Geologic Context of Hydrated Minerals: Hydrat-
ed minerals exposed at the surface have been mapped 
by infrared spectroscopy and used to infer a progres-
sion of climatic and hydrologic conditions on early 
Mars [5, 6]. These sites are favored for sample return 
and possible in situ resource utilization, but mantling 
dust and sediment often obscures details of their extent 
and how their distribution relates to regional geology. 
As such, our knowledge of early martian water-related 
features, the fate of that water, and the interplay of 
water/ice and volcanism, is incomplete. Imaging radar 
is a demonstrated and versatile method of mapping 
features beneath dust and sand, and an orbiting SAR 
will answer these questions by revealing the hidden 
landscape of Mars. 
 
Fig. 3. Arecibo radar view of roughness changes in 
lava flows across Elysium Planitia [14]. 
 
A SAR with readily achievable requirements can in 
nine months provide a global map at 75-m resolution 
of the subsurface geology through 3-5 m of mantling 
dust or sand. Spatial resolution comparable to 
THEMIS-VIS at 18 m per pixel can be achieved with 
the same penetration depth, and spotlight SAR pro-
cessing can provide even finer resolution for targeted 
sites. Loss properties of materials on Mars have been 
directly measured using SHARAD and MARSIS [12, 
13], and confirm the expected depth of penetration. 
Direct support for the success of an orbital SAR 
comes from Earth-based radar maps of Mars, which 
reveal stunning details of lava flows and other features 
hidden by dust (Fig. 3) [14]. An orbital sensor will 
yield 50-100 fold finer spatial resolution and about 5-
fold greater depth of penetration than the Arecibo 
measurements. These results will transform our under-
standing of regional geology and the processes that 
lead to the emplacement, preservation, and exposure of 
hydrated minerals. The radar maps will play a key role 
in defining sites for sample return and in-situ resource 
demonstrations. 
Instrument Requirements: A SAR optimized for 
penetration of surface materials and mapping of shal-
low ice, brine, and geologic features can be readily 
accommodated by a Discovery-class spacecraft, or as 
part of a complementary instrument suite on a larger 
bus. The radar requires an antenna; a 6-m deployable 
mesh (Fig. 1) is adequate for the science described 
here and has been well demonstrated on Earth-orbiting 
spacecraft. The same antenna serves for data downlink. 
The radar wavelength should be 30-60 cm, based on 
modeling [11] and experience with subsurface lunar 
probing [15]. Measurement of the CPR is a minimum 
requirement for polarimetry, and we advocate a system 
with selectable modes up to fully polarimetric to allow 
for flexibility in probing ice and other deposits. Peak 
power of about 500 W, with much lower average con-
sumption, allows for the noise threshold of about -35 
dB required for at least 3 m of probing at spatial reso-
lution of 18 m per pixel. Instrument electronics mass is 
about 30 kg. 
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Introduction:  Nucleic acid sequencing provides a 
powerful approach to search for life beyond Earth, as 
well as to monitor levels of forward contamination [1, 
2]. A strong case can be made to look for RNA or 
DNA-based life on Mars [3, 4]: any life there could 
have a common ancestor with life on Earth due to ex-
tensive meteoritic transfer between our two planets [5-
9] and the potential for transfer of viable microbes. 
Here we argue that in-situ sequencing has a role in 
life detection even beyond the context of meteoritic 
transfer, such as searching for life in potentially habit-
able environments on Enceladus [10, 11], or Europa 
[12]. This is because 1) sequencing of non standard 
nucleic acids is now possible, and 2) it may also be 
possible to sequence even more generic informational 
polymers (IPs). Semiconductor sequencing and the 
imminent arrival of nanopore sequencing may facili-
tate in-situ sequencing of RNA, DNA, and other so-
called xeno nucleic acid (XNA) polymers. Semicon-
ductor sequencing is reliable and its reagents and chips 
survive analogs of space radiation consistent with a 
two-year Mars mission. In contrast, nanopore sequenc-
ing is unproven but offers lower bias, simplicity, and 
the possibility to directly sequence XNAs and perhaps 
even more general IPs. 
Targeting IPs beyond RNA and DNA may yield 
high sensitivity and specificity without assuming that 
any life elsewhere uses precisely the same IPs as life 
on Earth. Discovery of such IPs and their sequences 
would reveal the extent to which life on Earth and 
elsewhere shares a common ancestry or biochemistry. 
Why search for RNA/DNA? Sequencing RNA or 
DNA is a powerful approach to characterize life as we 
know it, and may be able to detect life beyond Earth 
also based on these IPs. Significant meteoritic ex-
change, such as has occurred between Mars and Earth 
[5-9], would increase the probability that any life in 
potential habitable zones would utilize similar or iden-
tical IPs. Thus, sequencing of RNA or DNA may be 
able to detect life under scenarios of shared ancestry. 
Why look for nucleic acids beyond Mars?  Com-
plex organics including nucleobases or their precursors 
are found in meteorites and cometary samples [13-17] 
and in interstellar space [18]. A major source of these 
organics may be irradiation-induced organic synthesis 
in stellar nebulae [19], a process that may be common 
to most stars (Figure 1). 
 
 
Figure 1. Delivery of similar organic material to mul-
tiple habitable zones: if life arose beyond Earth, what 




As a result, similar organic material may be delivered 
to multiple habitable zones within a given solar sys-
tem. This may bias the evolution of life towards utili-
zation of a common set of precursor molecules. Thus, 
if life arose in multiple habitable zones, it may utilize 
similar informational polymers (IPs), even in the ab-
sence of meteoritic exchange. 
When might the search for RNA or DNA fail? 
Life on Mars, if it developed, could have evolved to 
utilize a different IP; however, any Earth-related life 
there might have retained the ancestral IP. If such an-
cestrally-related life first evolved to utilize RNA, life 
on Mars might be stuck in the RNA world and offer a 
snapshot of Earth’s deep past. Due to limited meteorit-
ic exchange, targeting of RNA or DNA would be more 
likely to fail in potential habitable environments such 
as the probable liquid water oceans beneath Europa 
[12], Enceladus [10, 11] and possibly Titan [20]. 
Alternatives to RNA/DNA: Although it is possi-
ble that life beyond Earth could utilize RNA or DNA, 
life elsewhere could utilize a different polymer such as 
TNA [21, 22] or GNA [23], which have been proposed 
as possible precursors. For example, life might evolve 
based on an IP that reflects the availability of endemic 
or delivered organic material or environmental condi-
tions that make a specific polymer more advantageous 
(tolerance to pH, salt, temperature, replication fidelity, 
and other characteristics). In this case, different origins 
of life could be associated with different IPs. Another 
possibility is that different origins may have utilized a 
similar “ancestral” IP but evolved along alternative 
paths, displacing the “ancestral” IP with new polymers, 
or retaining the “ancestral” IP. 
Complex organics 
produced around 











Meteors GNA/TNA?? RNA DNAMeteoritic Exchange
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Beyond RNA and DNA: A potentially more sensitive 
approach is to enable sequencing of a more broad set 
of IPs. One approach is to adapt traditional sequencing 
methods to detect non-traditional nucleic acids (Figure 
2). Recently, engineered polymerases have been de-
veloped that can transcribe DNA to a variety of syn-
thetic nucleobase polymers, collectively termed xeno-
nucleic acids (XNAs), and from XNAs back to DNA 
[24]. Thus, through transcription of non-traditional IPs 
to DNA, these IPs can be sequenced. 
SETG: The Search for Extraterrestrial Genomes 
(SETG) instrument, under development, is intended to 
support in-situ metagenomic or targeted sequencing of 
RNA or DNA. However, it could be adapted to se-
quence other nucleic acid polymers simply by carrying 
DNA polymerases able to read XNAs. Our current 
baseline sequencing technology is semiconductor se-
quencing [25], in which a small non-optical chip can 
yield millions of sequences concurrently. By using a 
metagenomic approach, detection is not limited by our 
current sequence knowledge. However, we would still 
rely on converting any RNA or XNAs to DNA before 
sequencing. A second approach is to utilize a sequenc-
ing technology that is not specific to RNA or DNA, 




Figure 2. Prospects for in-situ sequencing of nucleic 
acids and other informational polymers using semi-
conductor and nanopore sequencing. 
 
Nanopore sequencing: Proposed nanopore devices 
can be broadly classified into ionic blockade or trans-
conductance devices, named for how one detects pas-
sage of an analyte through the nanopore (Figure 3). 
In the first device category, ionic blockade, a na-
nopore across a highly electrically resistant membrane 
allows ions to flow from one side of the membrane to 
the other when a voltage is applied across the mem-
brane. When a molecule such as DNA partially blocks 
the nanopore channel, the ionic current changes, in the 
ideal, to a specific current that reflects the molecular 
basis of each monomer within the polymer chain. 
 
Figure 3. Nanopore sequencing overview. A) Biologi-
cal nanopore based on ionic blockade. B) Graphene 




The channel must be narrow enough that the pres-
ence of a monomer restricts the flow of ions, and also 
short enough so that the contribution of other mono-
mers to the ionic current is limited. In addition, trans-
location must be slowed to a speed consistent with 
measurement of the ionic current, and fluctuations in 
polymer movement restricted to, in the ideal, unidirec-
tional movement without skipping of monomers (sup-
pressing Brownian motion). 
 The second device category, transconductance, re-
lys on how the presence of the analyte affects the con-
ductance, or equivalently, electrical resistance, across 
the pore: Simulations show that different DNA bases 
differentially change the ability of electrons to tunnel 
across a pore made in a graphene monolayer [26]. 
Although graphene nanopores could potentially be 
utilized in either a ionic blockade or transconductance 
mode, they are the principal theoretical basis to build 
transconductance devices, in that they offer low noise 
and a molecularly thin gap that should help to achieve 
single-nucleotide resolution. As such they are typically 
called graphene nanogap devices (Figure 3B). 
Limitations and Benefits: A question is whether 
measurements can be uniquely and accurately mapped 
to individual DNA bases, although Oxford Nanopore 
has reported error rates of 4% with read lengths up to 
tens of kilobases (unpublished as of yet). In this sys-
tem, phi-29 polymerase performs strand displacement 
on a double stranded DNA (dsDNA) molecule, rachet-
ing the strand into the nanopore base by base in an 
attempt to provides controlled movement through the 
pore. Achieving controlled movement in graphene-
based nanopores is still a major challenge. 
Furthermore, heavy ion bombardment of graphene 
monolayers shows they can be damaged, even un-
zipped, during grazing collisions [27]. This may im-
pose design restrictions for space applications such as 
the need for many nanopores, or for small monolayer 
exposure areas. In contrast, reagents and chips required 
for semiconductor sequencing survive analogs of the 
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Arguably the greatest benefit of nanopore sequenc-
ing would be the ability to sequence nucleic acids with 
minimal sample preparation (beyond extraction of nu-
cleic acids) and without amplification. It may also be 
possible to directly sequence both RNA and DNA. 
Nanopore sequencers may be able to identify modified 
bases such as methylated cytosine. 
Direct XNA sequencing may also be possible: just 
as engineered polymerases can read and write XNAs 
to/from DNA, engineering the phi-29 or another poly-
merase to strand displace an XNA strand could enable 
controlled movement of XNAs through the pore. How-
ever, it has yet to be demonstrated theoretically or ex-
perimentally whether the various XNA monomers 
would yield unique ionic or transconductance signa-
tures. 
Finally, even if IPs to be detected are not nucleic 
acids, as long as they have about the same size and can 
pass through the pore, inducing current changes that 
vary with sequence, the informational entropy of raw 
current traces could demonstrate whether extant IPs 
exist. 
Conclusions: Semiconductor sequencing currently 
provides a viable, reliable approach to sequence RNA, 
DNA, and through conversion to DNA, XNA IPs to 
search for life beyond Earth. If the significant chal-
lenges associated with nanopore sequencing can be 
overcome, this method may provide a way to sequence 
a host of nucleic acid polymers, and with non-
biological approaches, possibly a more general set of 
IPs. These approaches could be applied to the search 
for life in environments on Mars in the near-term, En-
celadeus in the mid-term, and on Europa in the far-
future (Figure 4), reflecting the current state of tech-
nology and the relative costs and complexity of these 
missions. Finally, beyond helping to quantify the ex-
tent and diversity of life as we know it, these technolo-
gies may also facilitate a search for a shadow bio-
sphere here on Earth. 
 
Figure 4. Prospects for sequencing in-situ during fu-
ture space missions: where, when, and how? 
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Introduction  
 Two planetary characteristics addressed by imaging 
are the morphology and spectral properties of plane-
tary surfaces and atmospheres. These characteristics 
can inform questions about the geologic materials pre-
sent on a planetary surface, their histories, the nature 
and timing of tectonic deformation, the history of such 
processes as cratering, volcanism, and erosion, and the 
characteristics and dynamics of atmospheres. Fitting 
the images required to address such science questions 
into available resources, including onboard recorder 
space and downlink bandwidth, is a universal chal-
lenge. A data collection strategy commonly used is to 
collect higher-resolution, single-band images to char-
acterize morphology, and multispectral images that 
employ some strategy to reduce data volume and com-
pensate for the number of wavelengths. For example 
on the Mars Reconnaissance Orbiter (MRO) the High 
Resolution Imaging Science Experiment [1] collects 
color images at reduced spatial resolution, and the 
Compact Reconnaissance Imaging Spectrometer for 
Mars [2] collects most of its spectral measurements at 
reduced spatial resolution to extend coverage. Alterna-
tively, the Pancam imagers on the Mars Exploration 
Rovers (MERs) use a mix of strategies to control vol-
ume of multispectral images, including greater com-
pression for panoramas and less compression for nest-
ed "spots" [3]. Supporting objectives include imaging 
of stars to characterize alignment or for optical naviga-
tion, and imaging of a radiometric target to improve 
calibration accuracy.  
 MESSENGER’s Mercury Dual Imaging System 
(MDIS) [4] addresses these challenges with two min-
iature cameras, a monochrome narrow-angle camera 
(NAC) optimized for imaging morphology, and a mul-
tispectral wide-angle camera (WAC). With updates 
that incorporate newer technologies, these two designs 
have capabilities well matched to science questions at 
a variety of inner solar system and small-body targets. 
 
Design Approach to MDIS 
 Both MDIS cameras use a common focal plane de-
sign with a Thomson-Atmel 7887A charge-coupled 
device (CCD). The NAC is an off-axis reflective sys-
tem with a 550-mm focal length, a 1.5° square field of 
view (FOV), and an instantaneous field of view 
(IFOV) of 25 µrad/pixel, providing 10 m/pixel from 
400 km range. The WAC is a four-element refractive 
telescope with a 78-mm focal length, 10.5° FOV, 178 
µrad IFOV, and 12-position filter wheel. Eleven of the 
filters are narrow-band and were selected to measure 
absorptions due to Fe2+ in glass and silicates. A single 
clear filter is used for star imaging and optical naviga-
tion.  
 Both cameras are supported by Instrument Control 
Electronics that host instrument software, including au-
tomatic exposure control with an internal model of the 
camera filters and pixel-binning states that allow rapid 
switching between cameras or filters. Exposure times 
can be clamped by command, providing a simple way to 
prevent image saturation and smear without prior 
knowledge of the radiometry of any given scene, requir-
ing knowledge only of spacecraft altitude and velocity. 
 Four design challenges specific to a Mercury-orbiting 
spacecraft drove the integration of the WAC and NAC 
into a dual-camera system (Fig. 1) [5]. First, a relatively 
small mass for the payload forced miniaturization and 
light-weighting of the imagers. Second, the phased-array 
antenna's downlink capabilities require aggressive data 
compression to fit images with the best attainable resolu-
tion into available bandwidth. A menu of options in-
cludes pixel binning, conversion of image data from 12 
to 8 bits using look-up tables optimized to different types 
of scenes, and two methods of image compression: a 
lossless Fast algorithm performed in hardware, and a 
more aggressive wavelet algorithm. Wavelet compres-
sion is performed on "raw" images stored temporarily on 
the spacecraft solid-state recorder using the spacecraft 
main processor. A major limitation on imaging cam-
paigns is thus recorder space.  
 
 
Figure 1. The Mercury Dual Imaging System (MDIS), 
showing the WAC, NAC, radiators, and pivot. 
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Third, the spacecraft's pointing capability is limited 
by its need to keep a sunshade pointed toward the Sun. 
To point as required for imaging campaigns, both the 
WAC and NAC are mounted on and use the same piv-
ot platform. Fourth, a thermal control system including 
a Be radiator and heat pipes manages the thermal load 
from Mercury while keeping both camera CCDs at 
operating temperatures usually below -10°C. In addi-
tion, the spectral filters are narrow-band by design to 
prevent image saturation at Mercury's distance from 
the Sun and to attenuate input of Mercury thermal ra-
diation. 
The pivot provides additional capabilities for cali-
bration and serves to prevent contamination. MDIS is 
mounted inside of MESSENGER's launch adaptor 
ring. In its "stowed" position both cameras look into 
the shaded spacecraft deck and are protected from 
contamination by volatiles outgassed from hot, solar-
illuminated parts of the spacecraft. With 180° of rota-
tion, the boresights align with those of other instru-
ments. At an intermediate angle, both cameras view a 
solar-illuminated Spectralon plaque on the inside of 
the adaptor ring, which can be illuminated (at large 
heliocentric distances) by slewing the spacecraft. The 
plaque allowed WAC and NAC flat-field calibrations 
to be rederived in flight, enabling correction of shifts 
in the shadows cast by small particulates ("dust do-
nuts") during launch that otherwise would have per-
sisted as instrument calibration artifacts. 
 
MDIS Observations and Performance 
MESSENGER was launched in August 2004 and 
experienced a cruise of ~6.5 years prior to insertion 
into orbit about Mercury on 18 March 2011. 
MESSENGER’s trajectory included six planetary flybys: 
one of Earth (Aug. 2005), two of Venus (Oct. 2006, June 
2007), and three of Mercury (Jan. 2008, Sep. 2008, Sep. 
2009). During the Mercury flybys, images were acquired 
with both NAC and WAC, providing the first spacecraft 
images of Mercury since the Mariner 10 mission. Addi-
tionally, during the cruise phase, MDIS obtained images 
of stars, Earth, and Venus for calibration and end-to-end 
testing, to conduct repeated observations near perihelion 
to search for vulcanoids, and to capture a portrait of the 
Solar System from near Mercury orbit. A total of 13,080 
MDIS images were acquired during cruise. Cruise ob-
servations by MDIS refined instrument alignment and 
calibration knowledge, proved operational scenarios, and 
readied the instrument for Mercury orbit.  
During MESSENGER’s one-year primary mission, 
MDIS successfully acquired global imaging of Mercury 
for morphology, stereo, and color studies as well as tar-
geted high-resolution imaging of areas of high science 
priority, adding 88,746 images in all. Figure 2 shows 
orthographic projections of the global monochrome and 
color maps of Mercury acquired during the primary mis-
sion. The monochrome map, acquired with MDIS point-
ed near nadir at times of low-Sun illumination, is well 
suited for discerning surface morphology and covers 
>99% of the surface at an average resolution of 200 
m/pixel. MESSENGER’s orbit about Mercury is highly 
eccentric, passing low over the northern periapsis (~200-
400 km altitude) and high over the south (~15,000 km 
apoapsis altitude during the primary mission). To bal-
ance global resolution and manage data volume, the 
WAC is used for the northern part of the monochrome 
map and the NAC to image the southern regions. 
 
 
Figure 2. Monochrome and enhanced color global maps of Mercury assembled from MDIS orbital images acquired 
during MESSENGER’s primary mission. 
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A complementary map, acquired under similar illumi-
nation conditions but with an off-nadir viewing geom-
etry to provide stereo convergence, covers >92% of 
the surface. The color map was acquired through eight 
of the 11 narrow-band color filters on the WAC, em-
phasizing spectral coverage at the expense of resolu-
tion (1 km/pixel) to fit within available spacecraft re-
corder resources. The 8-color map covers >99% of 
Mercury’s surface. In general, images were acquired 
as 8-bit images with wavelet compression, to fit imag-
ing into available spacecraft resources.  
Due to MESSENGER’s highly eccentric orbit, NAC 
can image much of Mercury’s northern hemisphere at 
resolutions substantially higher than are regularly uti-
lized during global mapping. Targeted, high-resolution 
NAC images acquired by the MESSENGER mission 
to date have an average resolution of 26 m/pixel, and 
only ~4% of Mercury’s surface has been imaged at 
resolutions of 50 m/pixel or better. Despite the small 
fraction of Mercury’s surface covered to date, target-
ing of the high-resolution NAC images has enabled 
them to be of high scientific value, leading to observa-
tions of small-scale geologic features on Mercury, 
such as the previously unknown “hollows” [6] (Fig. 
3). 
In addition to acquiring global maps and high-
resolution targeted images, MDIS observations during 
MESSENGER’s primary mission included repeated 
imaging of Mercury’s south polar region to map re-
gions of permanent shadow; weekly imaging of Mer-
cury’s limb to help constrain global shape; other tar-
geted images to obtain color at high resolution or un-
der specific photometric conditions; simultaneous im-
aging with observations by other MDIS instruments to 
provide "context;" and regular imaging of stars to 
track possible drift of the camera alignment due to 
extreme thermal cycling in Mercury orbit. The MDIS 
thermal design and other instrument features have per-
formed as expected from instrument design and prior 
testing. 
MESSENGER is currently conducting an extended 
mission. New global maps are being acquired that are 
better optimized for terrain modeling, recognition of 
low-slope landforms, and smaller-scale color varia-
tions than was possible during the primary mission 
when the focus was on obtaining the first global maps. 
One pair of maps is designed for stereo with reduced 
gaps due to shadows: a near-nadir global map at ~200 
m/pixel with higher-Sun illumination than during the 
primary mission monochrome mapping, and a second, 
off-nadir map at the same illumination that is its stereo 
complement. A third new monochrome map, also at 
~200 m/pixel, is taken with very low-Sun illumination 
to accentuate subtle topography. In addition, the 
northern hemisphere is being mapped in color at much 
better resolution of ~100-400 m/pixel, this time using 
only three of 11 filters to fit within resources. Other im-
aging campaigns include repeated imaging of the north 
polar region to improve mapping of that pole's perma-
nently shadowed regions, and continued targeted, limb, 
and calibration imaging. To date, MDIS has acquired 
>130,000 images since launch. 
 
  
Figure 3. Strip of targeted NAC images of “hollows” on 
Mercury, with enhanced WAC color overlaid. Image width 
is 20 km. 
Adapting the WAC and NAC to New Missions 
 The basic designs of the NAC and WAC are capable 
of addressing morphologic and multispectral investiga-
tions at a variety of planetary bodies. In terms of spatial 
sampling and usage, NAC is comparable to the MRO 
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Context Imager [8] but with a framing camera instead 
of a line scanner design. WAC is comparable to MER 
Pancam [3] but with better spatial resolution. Without 
the temperature environment specific to 
MESSENGER that drives the needs for sophisticated 
thermal control and pivoting, the WAC and NAC each 
become a free-standing imager (Fig. 4), with a mass of 
2.6 or 2.3 kg, respectively.  
Lessons learned from in-flight performance of 
MDIS [7] and newer technology developed internally 
at the Johns Hopkins University Applied Physics La-
boratory enable four design updates that suit the WAC 
and NAC well for missions to small bodies at distanc-
es to ~5 AU, where downlink bandwidth and recorder 
size are limitations. First, replacement of the Thom-
son-Atmel 7887A with a back-thinned E2V 47-20 
CCD, currently used by the Long Range Reconnais-
sance Imager (LORRI) camera on the New Horizons 
mission, provides a fourfold increase in quantum effi-
ciency and eliminates scattered light from the 7887A 
CCD’s structure, which functions as a diffraction grat-
ing [7]. Second, widening of filter bandpasses pro-
vides additional throughput and enables short expo-
sure times for low-albedo bodies, and for optical navi-
gation or alignment calibrations imaging of at least 
three stars per frame with vmag (visual magnitude) <6.5 
in the WAC and vmag<11 in the NAC. Third, optional-
ly, a re-closeable cover can be added for protection 
during activities that risk contamination; the optional 
re-closable cover and cover motor are shown in the 
CAD models in Fig. 4. The inside of the cover, painted 
white, provides an easily accessible calibration target 
when illuminated by the Sun. The cover can be con-
trolled by a copy of the CRISM shutter stepper motor 
[2], which has seen >400,000 cycles in-flight without 
incident.  
Fourth, data compression routines that on 
MESSENGER [4] (and MER [3] and MRO [1]) are 
performed by the spacecraft processor can be imple-
mented in real time by instrument control electronics, 
relieving limitations driven by recorder size [9]. Test-
ing on prototype instrument electronics demonstrates 
application to full-size images acquired at a 1 Hz rate, 
with compression artifacts no larger than those from 
the current MESSENGER flight software implementa-
tion. 
 
Example Use in New Missions 
 Versions of the NAC and WAC have recently been 
included in several missions proposed for flight in the 
Discovery Program. One example is the Mars Moon 
Reconnaissance, Orbital, and Landed Investigation 
(MERLIN) [10]. In that mission concept, a spacecraft 
would rendezvous with one of the moons of Mars, 
conduct orbital measurements, make low flyovers to 
certify a site for landing, and then land and conduct in 
situ measurements. In the MERLIN mission profile, 
WAC images address geologic processes and effects of 
space weathering with near-global color mapping. WAC 
color images at millimeters-resolution that remain in 
focus during descent to the surface also address regolith 
heterogeneity. Near-global, morphologic and stereo im-
aging with the NAC addresses surface geologic process-
es and internal structure. NAC images also help certify a 
candidate landing site during low flyovers, and NAC is 





Figure 4. CAD renderings of a next-generation (a) WAC 
and (b) NAC as free-standing instruments. 
 
A modified version of the NAC has also been pro-
posed for the Comet Hopper (CHopper) mission current-
ly under consideration by NASA for the next Discovery 
Mission selection. In that mission, an Advanced Stirling 
Radioisotope Generator (ASRG) powered spacecraft will 
rendezvous with a comet near its aphelion at 4.5 AU and 
follow the comet to perihelion near 0.7 AU. The CHop-
per Imager (CHI) has been adapted for the low light 
conditions expected at 4.5 AU. CHI is responsible for 
first acquiring the comet and then imaging the comet to 
develop a shape model. CHI takes advantage of the well-
understood MDIS NAC optical design, with only its ap-
erture increased to allow more light, and the sensitive 
E2V detector used by the LORRI camera currently fly-
ing aboard the New Horizons spacecraft. 
 




Figure 5. CAD rendering of the proposed CHI camera 
derived from the MDIS NAC for the Comet Hopper 
mission. 
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Introduction: On future landed missions to Mars 
and small solar system bodies, efficient sample pre-
screening will be necessary to select interesting targets 
for further analysis by analytical instruments with very 
limited time and power resources. Near infrared spec-
troscopy is well suited for rapid and non-invasive iden-
tification of mineral classes, and the possible presence 
of organic molecules. A small spectrometer on the 
surface also enables ground-truth for orbiting reflec-
tance spectrometers operating at overlapping wave-
lengths [1, 2].  Here we describe a miniature acousto-
optic tunable filter (AOTF) point spectrometer that is 
tunable from ~1.6 - 3.6 µm. It identifies minerals asso-
ciated with aqueous environments at sample scales of 
~ 1 mm, as well as organic molecules and volatiles 
(notably H2O and CO2 ice), where they are present. 
AOTFs have previously been used on board Mars 
Express [3] and Venus Express [4] as integral compo-
nents of their IR spectrometers. They are inherently 
rugged, radiation-hard, rapidly tunable and can operate 
at cryogenic temperatures, so they are a suitable choice 
for miniature landed-spectrometers. Our group also has 
a demonstrated history of developing and using AOTF 
devices for planetary science imaging applications [5-
10]. 
Our new point spectrometer can be combined with 
other diagnostic instruments as part of a landed in-
strument package. It is presently being integrated with 
a laser-desorption time-of-flight mass spectrometer 
LDTOF developed at GSFC, and will prescreen sam-
ples for evidence of organics before the laser desorp-
tion step and subsequent mass spectrometer measure-
ment.  The addition of AOTF technology has the po-
tential to enable significant near-IR spectroscopic di-
agnostic capability without exceeding the resources of 
a small surface laboratory. 
Design and Operation:  A schematic of the point 
spectrometer optics (Fig. 1) shows its operation at a 
conceptual level. The spectrometer can be divided into 
source and detector subsections.  
 
 Figure 1. 3D layout showing the spectrometer optics.  
 
Light Source Optics:  The source itself is a minia-
ture tungsten IR lamp (effective temperature ~1900 K) 
with sapphire windows. Broadband lamp light is re-
imaged onto a 1 mm field stop to reject out-of-field 
rays, and then recollimated using anti-reflection coated 
ZnSe lenses. The tuning element is a TeO2 AOTF crys-
tal, which transmits a narrow spectral slice, with peak 
transmittance of ~30-70%, depending on wavelength 
(only one linear polarization is transmitted). The wave-
length of the output light is determined by the RF fre-
quency applied to a transducer bonded to the AOTF. 
The spectral coverage of the AOTF-detector combina-
tion is ~1.6–3.6 µm, requiring a frequency range for 
the RF drive signal of 29–70 MHz at the long and short 
wavelength limits, respectively, and drive power of 2-3 
W. Spectral resolution (R = λ/Δλ) is wavelength de-
pendent and ranges from ~200 to more than 400 over 
the wavelength tuning range, with highest resolution at 
the shortest wavelengths.  
Detector Optics: The sample illumination and de-
tector optics serve as a biconical reflectance spec-
trometer with small (~f/4) and large (~f/1) solid angles 
for source and reflected beams, respectively.  It con-
sists of sample surface, two 25 mm, 90 degree, off-axis 
parabolic mirrors that collect the scattered light and 
reimage it at 1:1 magnification onto a thermoelectri-
cally cooled (-65°C) MCT detector. Narrow-band 
source light is imaged by the sample mirror onto a 
small (< 2 mm diameter) spot on the sample surface. 
Reflected light then fills the aperture of the sample 
mirror, which reimages the illuminated sample spot on 
the detector.  The point spectrometer is depicted in Fig. 
2, and Table 1 lists the instrument specifications. 
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Figure 2. Photo showing the point spectrometer during 
initial tests. The main components are labeled. 
 
Data Acquisition: A geologic sample is placed at 
the focus point of the spectrometer, approximately 2 
cm below the optical centerline. The RF signal is 
pulsed through the AOTF crystal over the entire 29-70 
MHz frequency range, as light covering a narrow 
wavelength range falls on the detector. The RF fre-
quency is set to 0 MHz at regular intervals throughout 
the data acquisition process to allow broadband light 
through the crystal to calibrate the signal. Measure-
ments of an infragold plate, a Lambertian reflector 
whose reflectivity is uniform over the entire wave-
length range, are also taken as a reference spectrum. A 
tuning curve was developed to define the wavelength 
scale of the AOTF by placing narrow-band IR filters in 
the optical path during measurements of an infragold 
sample. 
 
Table 1. Spectrometer Specifications 
Wavelength Coverage (µm): 1.6 – 3.6 
RF Tunable 29 – 70 MHz 
Spectral Resolution (nm): 4 - 12 
Sample field-of-view (mm): 1.5 
Full-on power requirements (W),  AOTF 2-3 
                                                    IR Lamp 2 
                                                   TE cooler 3 
Spectrometer fixture,  mass (kg): 1.5 
                                    Vol (cm3): 630 
 
Spectral Survey of Aqueous Minerals:  Spectral 
detection of organic molecules on mineral surfaces 
first requires a thorough characterization of the unin-
habited host minerals, measured using the same in-
strument.  We routinely acquire near-IR spectra of 
field samples including evaporites (sulfates, carbon-
ates), clays, and oxides, all of which can be linked to 
aqueous environments and are therefore of high astro-
biological interest.   
Sulfates:  In the case of gypsum, sulfate (-SO4) 
bands are directly observed only at longer wave-
lengths, but distinctive bound water features do appear 
at numerous wavelengths.  Most diagnostic of gypsum 
at these wavelengths is the blended feature with reflec-
tance minimum at ~1.9 µm.  All of these features are 
much weaker (or disappear entirely) in the anhydrous 
form (anhydrite, CaSO4). The solid line in Fig. 3(a) 
shows the spectrum of potassium jarosite 
(KFe3(OH)6(SO4)2).  The dominant feature is the 
strong cluster of Fe-OH features with reflectance 
minimum at 2.27 µm [11, 12]. 
Carbonates:  The sequence of bands that appear in 
Fig. 3(b) are combination and overtone bands of the 
carbonate ion, and their sequence and prominence are 
indicative of carbonates.  As noted by [13], the wave-
lengths of the band reflectance minima depend on the 
metal cation. As shown in Fig. 3(b), the positions of 
these bands in dolomite (CaMg(CO3)2) lie  at system-
atically  shorter wavelengths than that of calcite 
(CaCO3), which allows these carbonates to be uniquely 
identified if spectral resolution and signal-to-noise 
ratio are sufficient. 
Clays:  Both the Kaolinite and Montmorillonite 
(Bentonite) spectra in Fig. 3(c) show familiar clay ab-
sorption features near 1.9 and 2.2 µm, and a pro-
nounced OH stretching vibration near 2.75 µm.  Strong 
features near 2.2 µm are metal-OH combination bands 
[14]. The shape, depth and minimum reflectance wave-
length of these features depends on composition. In the 
case of Kaolinite (Al2Si2O5(OH)4), the feature is an Al-
OH combination band that appears as a distinctive 
doublet.  The 1.9 µm feature is an OH-stretch, H2O-
bend combination band that requires both H2O and OH 
to be present [15].  As shown by [16], the depth of this 
feature is dramatically reduced under low pressure-
temperature conditions, which simulate the Mars envi-
ronment. 
Iron Oxides: Although our focus is evaporites and 
clays, we also included iron oxides, as shown in Fig. 
3(d), since they are ubiquitous in Martian soils.  Most 
spectral features distinctive of iron oxides or oxy-
hydroxides are found at shorter wavelengths (e.g. the 
steep UV-visible red slope due to the Fe3+ cation).  
Within our wavelength coverage, Hematite (α-Fe2O3) 
is mostly featureless except for the 3 µm bound water 
absorption.  On the other hand, the hydrated form, 
Goethite (α-FeO(OH)),  shows broad infrared absorp-
tions near 1.9 and 2.4 µm (see Fig. 3(d)). 
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Figure 3. Spectral survey of field samples using the 
point spectrometer. 
Identification of Organics: In addition to mineral 
standards, we examined mixtures of organic coatings 
on inorganic substrates.  An example of an organically 
doped mineralogical sample is shown in Figure 4.  
Here, we added a 150 µL volume of Pyrene dissolved 
in dichloromethane at a concentration of 1 mg/ml to a 
rock chip of vesicular olivine basalt. The lower part of 
the figure shows the strong C-H stretching transitions, 
which lie in the region expected for aromatic hydro-
carbons.  This measurement included a possible error 
in the spectrometer wavelength calibration, and we 
have shifted the spectrum to coincide with the pre-
dicted band position. 
 
Figure 4. Spectrum of Pyrene coating on basalt chip, 
and comparison spectrum of an uncoated sample. The 
lower part of the plot shows one Pyrene structure, and 
the locations and relative intensities of the spectral 
transitions. 
 
A Combined IR, Mass-Spectrometer Instrument 
Suite: The AOTF point spectrometer described herein 
is designed to be paired with a laser desorption time-
of- flight (LDTOF) mass spectrometer, which provides 
pulsed-laser desorption and analysis of refractory or-
ganic compounds up to 150,000 Da on a spatial scale 
of 50-100 µm, determined by the laser spot size at the 
target. A geologic sample will be screened by the 
AOTF instrument to identify spectral features contain-
ing organic biomarkers or mineralogical signatures sug-
gestive of extant or extinct life. If a sample of astrobi-
ologic interest is identified, the LDTOF mass spec-
trometer is signaled to perform detailed follow-up ob-
servations to determine the elemental and organic con-
stituents of the sample. 
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The recent integration of the two instruments al-
lowed for coincident spectral measurements of a geo-
logic sample. The LDTOF mass spectrometer shares 
an optical axis with the AOTF; follow-up measure-
ments from the LDTOF are taken from an identical 
region on a sample of interest, allowing for a direct 
comparison between each complementary data set. 
The AOTF could be deployed in a variety of con-
figurations, either as a stand-alone instrument or paired 
with the LDTOF, depending on the nature of the mis-
sion. These include application as a contact sensor, 
such as on a robotic arm, or within an integrated “labo-
ratory” payload on a lander or rover. The simplest im-
plementation would entail operating the AOTF as a 
point spectrometer, with appropriate precision in rela-
tive positioning of the illumination/detector optics and 
the sample surface. By design, the AOTF and LDTOF 
spectrometers share a common working distance of 
several mm, and as such could alternatively be com-
bined with a sample manipulation system that enables 
high-resolution dual-sensor chemical imaging. On an 
airless body such as a comet or icy satellite, this could 
be achieved without significant sample handling given 
the ambient high vacuum conditions. On Mars or Ti-
tan, there would need to be some level of sample ma-
nipulation to enclose and seal the sample. 
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Measurement of the 13C/12C of atmospheric CH4 using near-IR Cavity Ring-down 
Spectroscopy 
A portable near-IR Continuous Wave-Cavity Ring-down Spectrometer (CW-CRDS) was 
developed with the goal of measuring seasonal changes in the isotopic composition of 
atmospheric CH4 on Earth and Mars.  The system consists of three distributed feedback 
laser diodes (DFB-LD), two of which are locked to the absorption line peaks of 12CH4 and 
13CH4 at 6049.954 cm-1 and 6049.121 cm-1, respectively, and a third that measures the 
baseline at 6050.745 cm-1.  The multiple laser design improved the long-term stability of 
the system and increased the data acquisition rate.  The acquisition frequency was further 
increased by utilizing a semiconductor optical amplifier (SOA) to initiate cavity ring-
down events.  The high repetition rate combined with the super-high reflectivity mirrors 
yielded precise isotopic measurements in this near-IR region even though the line 
strengths of CH4 in this region are 200 times weaker than those of the strongest mid-IR 
absorption bands.   The current system has a detection limit of 1.9×10-12 cm-1.  For 
ambient air, which contains 1.9 ppmv CH4, the precision in the absorbance ratio of 13CH4 
over 12CH4 corresponded to 0.09% (±1 S.D.).  Modification of this CRDS to measure 
CH3D is currently underway.  A smaller version of the same design has been constructed 
for space flight simulations and has recently been field-tested in Greenland.   
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Introduction:  The LOng-Range Reconnaissance Im-
ager (LORRI) is the highest resolution imaging instrument 
on NASA’s New Horizons (NH) mission to Pluto and the 
Kuiper Belt. NH is the first mission in NASA’s New Fron-
tiers program and was successfully launched on 2006-Jan-19 
[1]. After a 9.5 year interplanetary journey, the NH space-
craft will fly ~12,500 km above the surface of Pluto in July 
2012, providing the first in situ investigation of  this fascinat-
ing system comprised of two dwarf planets (Pluto and Char-
on) and at least four small satellites (Nix, Hydra, P4, and 
P5). LORRI has the sensitivity and dynamic range required 
to image these multiple targets at illumination levels only 
1/900th of those on Earth, and with a resolution of ~100 m 
during closest approach to Pluto. 
Design: LORRI is a narrow angle (field of view=0.29°), 
high resolution (4.96 μrad pixels), Ritchey-Chrétien tele-
scope with a 20.8 cm diameter primary mirror, a focal length 
of 263 cm, and a three lens field-flattening assembly (Fig. 1). 
LORRI’s total mass and power draw are 9.0 kg and 4.6 W, 
respectively. A 1024 × 1024 pixel (optically active region), 
thinned, backside-illuminated charge-coupled device (CCD) 
detector from E2V is used in the focal plane unit and is oper-
ated in frame transfer mode. The design and fabrication of 
LORRI are described in Conard et al. [2].  
LORRI provides panchromatic imaging over a bandpass 
that extends approximately from 350 nm to 850 nm.  LORRI 
operates in an extreme thermal environment, situated inside 
the warm spacecraft with a large, open aperture viewing cold 
space. LORRI has a silicon carbide optical system, designed 
to maintain focus over the operating temperature range with-
out a focus adjustment mechanism. Moreover, the spacecraft 
is thruster-stabilized without reaction wheels, placing strin-
gent limits on the available exposure time and the optical 
throughput needed to satisfy the measurement requirements. 
LORRI has flexible exposure control. Exposure times 
can be set either manually, using values between 0 and 30 s 
at 1 ms increments, or via autoexposure, in which the inte-
gration time is determined autonomously by the observed 
brightness of the target. During observations in the Jovian 
system, excellent imaging was obtained with exposure times 
of only a few milliseconds. Typical exposure times during 
the Pluto Encounter are 100-150 ms. In 2012 the LORRI 
flight software was modified to enable trigger mode opera-
tion, in which LORRI saves images during a pointing scan 
only when the target is within the field of view, reducing 
data volume requirements.  
LORRI images can be taken at a maximum rate of once 
per second. LORRI images are digitized to 12 bits and can 
be stored and downlinked using either lossless or lossy com-
pression. 
Performance: LORRI underwent extensive 
ground testing and calibration prior to launch [3]. Af-
ter launch, LORRI was commissioned for operations 
during the summer and fall of 2006, followed by annu-
al performance monitoring [4]. The measurement re-
quirements and scientific objectives of LORRI, and the 
processing steps required to calibrate LORRI data, are 
described in Cheng et al. [5]. 
LORRI has not shown any evidence of perfor-
mance degradation since launch. The point spread 
function varies over the field of view but is stable over 
time (the best fit gaussian FWHM is 1.8−2.4 pixels in 
the row direction and 2.5−3.1 pixels in the column 
direction, depending on the location; the CCD’s charge 
transfer efficiency is better in the row direction). The 
flat field and photometric sensitivity are stable over 
time to within a few per cent. The read noise is ~24 e, 
as it has been since pre-launch testing. There is no 
evidence of radiation damage to the CCD (NH is pow-
ered by a radioisotope thermoelectric generator), and 
only a handful of cosmic ray events are detected dur-
ing typical exposures. 
Some examples of LORRI’s in-flight imaging per-
formance are shown in the figures. Remarkably, 
LORRI produced superb images of objects in the Jovi-
an system (Figs 2 & 3) even though those bodies are 
~35 times brighter than the targets LORRI was de-
signed to observe in the Pluto system. LORRI’s excep-
tional sensitivity is demonstrated by the long exposure 
of the Pluto approach field, where stars as faint as 
V≈18 are detected (Fig. 4). LORRI’s optical design is 
not optimized for scattered light rejection, but LORRI 
produced exciting scientific results during high solar 
phase angle observations in the Jovian system 
References: [1] Stern, S. A. (2008) Space Sci Rev, 
140, 3–21, DOI: 10.1007/s11214-007-9295-y. [2] 
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DOI: 10.1117/12.616632. [3] Morgan, F. et al. (2005) 
Proc. SPIE 5906, 421–432, DOI: 10.1117/12.616880. 
[4] Noble, M. W. et al. (2009) Proc. SPIE 7441, DOI: 
10.1117/12.826484. [5] Cheng, A. F. et al. (2008) 
Space Sci Rev, 140, 189–215, DOI: 10.1007/s11214-
007-9271-6.
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Fig. 1: Photograph of LORRI during laboratory testing 
prior to integration into the New Horizons spacecraft. 
 
 
Fig. 2: During the New Horizons flyby of Jupiter, 
LORRI captured many spectacular images of active 
volcanos on Io. The above LORRI image was taken on 
UT 2007-Feb-28 11:04 at a range of 2.4 million km, a 
phase angle of 102 deg, and a resolution of 12 km. 
LORRI captured a 5-frame sequence of a Tvashtar 
eruption over an 8-min period, providing the most de-
tailed view ever obtained of the dynamics of an extra-
terrestrial volcano. 
Fig. 3: LORRI made the highest resolution observa-
tions of the Little Red Spot on Jupiter, allowing a de-
tailed mapping of the winds in this giant hurricane. 
 
 
Fig. 4: Composite of five LORRI images taken on 
2012 June 1 during a New Horizons annual checkout. 
Each LORRI image had an exposure time of 10 sec 
and was obtained in 4x4 format (i.e., on-chip binning 
over 16 pixels during CCD readout). This star field is 
centered near the expected location of Pluto during the 
entire period from January 2015 until approximately 1 
month prior to closest approach. In fact, Pluto is al-
ready seen within the LORRI field of view during this 
observation 3 years before closest approach (Pluto is 
circled in red). This deep exposure reaches down to 
V≈18. The black tails to the right of the bright, saturat-
ed stars are caused by amplifier undershoot. 
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Introduction: The crater chronology function es-
timated for Mars has uncertainty as large as 1 Gyr [1]. 
This is because no Martian sample has been obtained 
with information which geologic unit it is from. In 
order to accurately constrain Martian history, such as 
the transition in climate phase and volcanic history, 
acquiring absolute chronology is essential. It is rather 
obvious that sample return missions from Mars or the 
Moon will provide accurate and precise age data and 
yield best results to calibrate crater chronology func-
tion on the planets. Because a round-trip between the 
Earth and Mars is technologically challenging and re-
quires large budget, however, opportunities for explo-
rations are very limited and extremely precious. Thus, 
samples to be returned to the Earth need be good to 
representatives for the geologic unit around the landing 
point. Because in-situ dating allows for iterative meas-
urements on the planetary surfaces to find the best 
samples to bring back, sample return missions and in-
situ dating are complementary to each other.  
We have been developing an in-situ dating method 
using K-Ar system for planetary landing missions [2,3]. 
The K-Ar dating method employs radiometric decay of 
40K into 40Ar with half-life of 1.27 Gyr [4]. The K-Ar 
dating method is relatively viable compared to other 
dating methods, such as Ar-Ar,  U-Pb, and Sr-Rb da-
ting, because K is relatively abundant in the igneous 
rocks and Ar can be easily extracted (i.e., simply heat 
the sample), which leads to a simpler instrumental con-
figuration.   
In this paper, we report our first age determination 
results using our bread board model.  
Measurement system: Our system measures K 
and Ar with two techniques at the same laser irradia-
tion spot on a sample: laser-induced breakdown spec-
troscopy (LIBS) and quadrupole mass spectrometry 
(QMS), respectively (LIBS-QMS system). K and Ar 
are extracted from a sample simultaneously by the la-
ser ablation, in which the sample is vaporized by a 
series of intense laser pulses. Spot-by-spot analyses 
using the laser ablation technique enable the isochron 
measurement from a single rock sample, providing 
higher reliability compared with the whole rock analy-
sis as proposed previously [e.g., 5, 6]. 
Figure 1 shows the schematic diagram of the in-
strument. A rock sample is set in the vacuum chamber. 
The chamber is evacuated and kept at ~10-6 Pa by a 
turbo-molecular pump, in order to maintain back-
ground Ar level low. The system is equipped with a Ti-
Zr getter and a charcoal cold trap. The getter is heated 
at 700-800 oC to purify the gas extracted from the 
sample. The charcoal trap adsorbs heavy noble gases 
(Ar through Xe) when cooled at the temperature of  
liquid nitrogen. 
We used a Nd:YAG laser with 6 ns of pulse width 
and 1064 nm of wavelength (Surelite I, Continuum). 
The laser energy was set at 100 mJ and the spot diame-
ter was  ~500 µm. We used a small spectrometer (HR 
2000+, Ocean Photonics Inc.) with a charge couple 
device (CCD), to simulate a small and simple spectro 
for the spacecraft missions. The light emission from 
plasma was collected by a lens and transmitted through 
an optical fiber to the entrance slit of the spectrograph. 
The spectral acquisition time was 1 ms and the spec-
trograph shutter was opened before the laser pulses 
reached the sample; time-integrated plasma emission 
was observed to simulate a non-gated operations on the 
planetary missions. 
A quadrupole mass spectrometer (M-201QA-TDM,  
Canon-Anelva) is used to measure the Ar isotopes such 
as 40Ar and 36Ar.  
A couple of practical problems are described in the 
followings. In order to enhance the sensitivity of Ar 
detection, the volume of the chamber must be mini-
mized. Then the rock vapor generated by laser ablation 
adheres the viewport for LIBS measurements, prohibit-
ing the accurate LIBS measurement when the viewport 
is placed directly above the sample. Another technical 
challenge associated with reduction in emission line 
intensity under vacuum conditions  (p < ~10-2 Pa); 
emission intensity decreases by an order of magnitude 
compared with that in atmospheric pressure [7]. We 
 
Fig. 1: Schematic diagram of the LIBS-QMS system. 
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have resolve these problems at least partially by plac-
ing the window on the side of the chamber where the 
ejected plasma vapor does not reach. Another advanta-
ge of this alignment is that the light collection lens can 
be placed very close to the plasma, leading to a larger 
solid angle for light collection for the weak K emission 
under vacuum conditions. 
Calibration of K and Ar measurement:  
LIBS calibration. In order to construct a calibration 
curve for K2O for our system, 24 geologic samples 
with known K2O concentration (between 30 ppm and 
12 wt%) were measured with the LIBS technique. The 
calibration samples were pellets made of rock powders 
certified by USGS and AIST (Japan Geological Sur-
vey). Figure 2 shows the calibration line for K2O for 
our system. One hundred laser shots were recorded 
separately and averaged to enhance the signal-to-noise 
ratio. Background spectra are also averaged over 100 
times and subtracted from each spectrum. The intensity 
of the emission lines were calculated from the peak 
areas acquired with peak-fitting analyses with Gaussi-
an. We measured four spots per a sample to estimate 
standard deviation (shown by the error bars in Fig. 2).  
Although the strongest line of K is at 766. 4 nm, a 
probable Mg emission line also occurs at 766.4 nm, 
which makes line separation between these two ele-
ments impossible in our current resolution. Thus, we 
used the second strongest emission line at 769.9 nm for 
our calibration. The intensity of K line was normalized 
by that of the O emission line at 777 nm, reducing the 
effects of the fluctuation in signal strength due to sev-
eral experimental conditions, such as laser energy and 
the surface condition of the sample.  
The calibration line is not linear and exhibits a roll 
over at the high K2O concentrations. This is the most 
likely due to the self-absorption effect, which is not 
observed by Stipe et al. [8]. This apparent difference is 
probably due to whether high-speed gating is used; 
Stipe et al. [8] uses high-speed gating with an intensi-
fied CCD. The calibration line was fitted by a power 
law: I=0.10C0.59, where I and C are the intensity of K 
769 nm line divided by that of O 777 nm line, and K2O 
concentration, respectively. Note that the accuracy 
deteriorates at K2O>5 wt%, where the single power 
law does not follow the experimental data.  
Errors in the calibration were estimated as: 
 |([K2O]measured-[K2O]certified)/[K2O]certified|×100 [%]. 
The percent accuracy for the LIBS calibration was 
estimated to be ~15% and ~10% for [K2O]=1 and 7 
wt%, respectively. We used these values to estimate 
the calibration errors for the age measurements below. 
The detection limit for K2O was calculated by 
LOD=3sbim, where sbi and m are the standard deviation 
of the blank measures and the slope of the calibration 
curve, respectively. When we substitute sbi=1×10-3 for 
a sample which does not contain K2O and m=0.12 (the 
result of linear fitting with K2O < 0.24 wt% data), 3.6 
ppm of LOD is obtained. The limit of quantification, 
given by LOQ=10sbim, was 12 ppm. The detection 
limit is controlled by the competition between K emis-
sion intensity and the dark noise level of the CCD.  
QMS calibration. The correlation between ion cur-
rent [A] of QMS and the amount [cm3 STP] (STP: 
standard temperature and pressure) of released Ar gas 
was calibrated by introducing the known amount of 
atmospheric 40Ar to the system. To determine the abso-
lute amount of 40Ar, we have made an  auxiliary vacu-
um line, which consists of a pipette with known vol-
ume (10.77 cm3) and a manometer (Baratron, MKS). 
The QMS sensitivities for SEM=1000 and 1200 V 
were measured to be 3.8×10-4 and 7.1×10-3 [A/cm3 
STP], respectively. The detection limit for 36Ar and 
40Ar was controlled by the level of residual gases with 
the same mass numbers (i.e., 36 and 40) and measured 
to be 1×10-11 and 3×10-10 [cm3 STP], respectively. 
Age measurement: After calibrating the instru-
ments, we have measured two samples with known 
K2O concentration and age: DINO-4 (Hornblende, 
K2O=0.93 wt%, 1.74 Gyr) and DINO-3 (Biotite, 
K2O=7 wt%, 1.80 Gyr) [9]. We pressed the pure min-
eral grains with a cubic press  at 4.5 GPa into pellet 
samples appropriate for LIBS measurements. In order 
to remove the air adsorbed on the sample surface, the 
chamber was baked at 180 oC for 24 hours under the 
vacuum condition. 500 and 1000 laser pulses are irra-
diated to the hornblende and biotite sample, respective-
ly. Figure 3 shows the LIBS spectrum for the horn-
blende pellet. Hydrocarbons are removed with the Ti-
Zr getter from the gas extracted by laser ablation was 
 
Fig. 2: Calibration line of K2O concentration. 
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purified and trapped on the cooled charcoal trap while 
the other part of the vacuum line was evacuated. Final-
ly, the purified Ar gas was released from the trap by 
raising temperature and was introduced to the QMS for 
mass spectrometry. Figure 4 shows an example of the 
mass spectrum obtained in this study. A blank spec-
trum acquired after the same experimental procedure 
was subtracted from the mass spectrum. The entire 
measurement process took approximately 60 minutes. 
Using the above calibration curve, we obtained 
K2O=1.0±0.2 wt% from our LIBS spectrum for DINO-
4. This value is consistent with the known concentra-
tion of 0.93 wt%. The volume of the crater excavated 
by laser ablation was measured to be (4.4±0.5)×10-5 
cm3 with a microscopic observation (VHX-2000, 
Keyence Inc.). Assuming the density of the hornblende 
sample to be 3.2±0.3 g/cm3, the evaporated mass is 
estimated to be (1.4±0.2)×10-4 g, containing 
(3.0±0.6)×10-8 mol of K atoms. Assuming 
40K/K=40K/(39K+40K+41K)=1.17×10-4 [4], the laser-
released  40K was estimated to be (3.5±0.7)×10-12 mol. 
The amount of radiogenic 40Ar extracted from the 
sample was estimated to be (2.9±0.6)×10-8 [cm3 
STP]=1.3±0.3×10-12 [mol]. Here, the contribution of 
atmospheric 40Ar was subtracted from the measured 
40Ar based on 36Ar measurement: 
[40Ar]rad=[40Ar]total-[40Ar]atm=[40Ar]total-296[36Ar], 
assuming the Ar isotopic ratio in the terrestrial atmos-
phere (40Ar/36Ar=296). Here, [40Ar]total, [40Ar]rad. 
[40Ar]atm, and [36Ar] refer to the amounts of total 40Ar, 
radiogenic 40Ar, atmospheric 40Ar and 36Ar in the sam-
ple, respectively. 
Because the standard sample used in these experi-
ments are highly homogeneous, we cannot obtain an 
isochron. Thus, we calculate a model age using the 
following expression: 
! = !! ln !!! [ Ar!" ]rad[ K!" ] + 1 , 
where λ=5.543×10-10 yr-1 and λe=0.581×10-10 yr-1 are 
the total decay constant of 40K and the decay constant 
of 40K to 40Ar, respectively. [40Ar]rad and [40K] refer to 
the molar amount of radiogenic 40Ar and the present 
40K, respectively. Substitution of the parameters de-
scribed above yields t=2.7±0.5 Gyr. Following the 
same procedure, the biotite sample yields K2O=6.1±0.6 
wt%, crater volume=(1.3±0.1)×10-4 [cm3],  
[40Ar]rad=(4.3±0.7)×10-11 [mol] and [40K]= 
(6.1±0.9)×10-11 [mol], resulting in the age of 3.7±0.4 
Gyr.  
Both of these ages values are larger than the known 
values by 50%-110%. In other words, 2 - 3 times as 
much 40Ar as expected was released from the samples. 
Our preliminary analyses suggest that the additional 
40Ar was released from the crater walls via diffusion 
due to indirect heating by the laser irradiation. A sim-
ple geometric estimate shows that heating the crater 
wall region with thickness 100-200 µm above the clo-
sure temperature (~300 oC for hornblende and biotite) 
would release such excess amount of Ar . 
Implications for in-situ age measurements on 
Mars: Measurement conditions are greatly different 
depending on the mission target planet. We assess 
whether we can obtain significant K-Ar ages for typi-
cal Mars samples. When we assume 100 µg sample is 
evaporated by laser shots (corresponding to 500-1000 
pulses), radiogenic 40Ar higher than the detection limit  
(3×10-10 cm3) is released from a sample with age of 1 
Gyr and K2O concentration of 1000 ppm. If a sample 
has 1 wt% K2O, ~100 Myr rock produces measureable 
amount of radiogenic 40Ar (Fig. 5). Furthermore, the 
detection limit of K2O by LIBS measurement is below 
100 ppm. Thus, the LIBS-QMS system can measure 
 
Fig. 3: LIBS spectrum acquired for the hornblende 
target.  
Fig. 4: QMS mass spectrum acquired for the horn-
blende target. 
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such Martian rocks as the Mars Exploration Rover 
Spirit found at Gusev crater [10]. 
Future work: The above results suggest that accu-
rate assessment and reduction of the effect of wall 
heating and resulting release via diffusion may be very 
important. Further tuning of laser irradiation conditions, 
such as pulse repetition rates, may lead to reduction in 
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Fig. 5: The amount of 40Ar produced from a sample 
with different K2O concentration and age. Samples 
with K2O and age in the white area yield the detecta-
ble amount of  40Ar. 
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Introduction:  The program manager and principal 
investigator of every mission must frequently make 
tough trade-off decisions on schedule, cost, risk, and 
science return. Only a new breakthrough technology 
can enable a mission to gain on these variables without 
making trade-offs. SciBox is a proven instrument and 
spacecraft operation planning and commanding system 
[1] that allows a mission to shorten development 
schedule, reduce cost, reduce risk, and increase science 
return simultaneously. It is an efficient system because 
the entire process from finding observation opportuni-
ties, deriving the operation sequence, and scheduling 
the required resources from the instruments and space-
craft to generating the command sequence is fully au-
tomated. This technology has been incrementally de-
veloped and demonstrated over several spaceflight 
programs. Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) [2] instrument onboard the 
Mars Reconnaissance Orbiter, and the MErcury Sur-
face, Space ENvironment, GEochemistry, and Ranging 
(MESSENGER) [3] mission are the two most recent 
space programs that have benefited tremendously from 
using SciBox. These missions have used SciBox to 
exceed their mission requirements. In fact, the 
MESSENGER program has attributed SciBox as one 
of the four key enabler technologies for the mission. 
SciBox Architecture:  SciBox is an end-to-end au-
tomated planning and commanding system. It begins 
with science objectives and ends with the command 
sequence to drive the spacecraft and instruments.  
The planning process starts with measurement ob-
jectives, which can be divided into three types: those 
that require continuous observing (e.g., in situ varia-
tions in the properties of a magnetosphere), those that 
require building observation coverage under specified 
observing conditions (e.g., making a global image mo-
saic), and targeted observations where acquisition of 
global data is not feasible (e.g., taken ultra-high resolu-
tion images of high science priority targets). In all cas-
es, desired measurement conditions are represented 
algorithmically. For acquisition of a global dat set, 
these need to be met at least once at every spot in a 
dense global grid. For targeted observations, they need 
to be met once at locations specified in a database. 
SciBox opportunity analyzers find all opportunities 
to make desired observing within specified constraints. 
For each observation opportunity, the built-in con-
straints analyzer systematically validates that require-
ments on the instrumentation and spacecraft (e.g., atti-
tude, slew speed) are within hardware and operational 
limits specified by instrument and spacecraft engi-
neers. The validated observing opportunities are then 
sorted by a priority scheduler, based on the priority of 
theobservation type compared to alterative observation 
types possible at the same time. For example, on 
MESSENGER, an in-range laser altimeter measure-
ments is considered higher priority than an optimally 
pointed image, because the former are less frequently 
available at any given location. Within a given type of 
observation, opportunities are also ranked by a quality 
metric (such as resolution or illumination) that is cal-
culated based on predicted range to target, solar posi-
tion, etc. The priority scheduler then selects the best 
observation opportunities and inserts them into a time-
line in order of decreasing priority, until the available 
spacecraft resources (such as timeline, bandwidth, or 
recorder space) are used up.  
 
 
Fig. 1. SciBox architecture. 
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Next, a command generator takes the packed and 
conflict-free schedule and generates the commands for 
upload to the spacecraft and instruments. Simultane-
ously, a comprehensive and easy to read HTML report 
is produced for review. The whole process has been 
automated with an integrated software system. 
Development of SciBox planning and commanding 
architecture began in 2001, and key SciBox software 
modules were developed and demonstrated incremen-
tally over 10 years on a variety of spaceflight projects 
which include CRISM and MESSENGER. On 
CRISM, SciBox has been used to plan and command 
the weekly instrument operation since the beginning of 
primary science phase in late 2005. On MESSENGER, 
SciBox has been used to plan and command the seven 
instruments, spacecraft Guidance and Control (G&C) 
system, RF communication system, and solid state 
recorder (SSR) since the beginning of the primary sci-
ence orbital operation in March 2011. The application 
of SciBox to these missions to reduce operation sched-
ule development, reduce operation cost, reduce opera-
tional risk, and maximize science return, and spin-off 
benefits are discussed below. 
Science Operations Schedule Development: The 
development of a science observation schedule for a 
mission normally involves long-term strategic plans 
where observing policies and priority are analyzed and 
defined, and short-term tactical execution. The latter 
includes finding observing time windows, deriving the 
operations sequence, coordinating the instrument and 
spacecraft resources required, and generating an opera-
tional safety compliant command sequences. 
Strategic planning has commonly used simulations 
of representative mission phases or conjectures to for-
mulate strategic planning strategies. Many times, the 
conditions chosen for modeling are unrepresentative 
and can degrade the effectiveness of planned observa-
tion schedules. At other times simulations have been 
incomplete such that physical limitations on hardware 
were not fully considered. On MESSENGER, strategic 
planning is done through an iterative process which 
involves SciBox simulations. SciBox can plan and 
generate the entire year of orbital schedule and com-
mand sequence in less than three hours, enabling its 
use as an efficient forward modeling tool to accurately 
simulate various observation strategies such as obser-
vation priority and data compression strategy. Using 
starting estimates of relative priorities of different ob-
serving types, constraints on observing conditions, and 
thresholds at which to change instrument configura-
tions (e.g., range below which pixel binning in an im-
age should be increased), the whole mission is rapidly 
simulated and numerous plots and maps of data cover-
age and quality, loading of the recorder, and other key 
metrics are generated. Based on the results, changes 
are made to input parameters and modifications are 
made to scheduling algorithms. New results and gener-
ated and evaluated. This process is repeated as needed 
until data quality and coverage are optimized while 
resource utilization is within limits. Through iterative 
simulations, changes, and analysis, the end result is an 
efficient and robust operation strategy saved as base-
line simulation parameters and software code. 
During tactical execution, SciBox uses updated in-
puts such as the latest ephemeris and the actual DSN 
station schedule to modify the timeline as needed im-
mediately, producing in less than three hours a robust 
and operational command sequence that can readily be 
uplinked to the spacecraft. 
 Operational Cost: The operational cost of a tradi-
tional operations system is dominated by manual labor 
in defining the science observation goals, searching for 
the observation opportunities, resolving scheduling 
conflicts, construction of the command sequences, and 
reviewing of operation sequence and command se-
quence for compliance with operational safety con-
straints. On CRISM and MESSENGER, during strate-
gic planning, hardware engineers are involved in early 
definition of SciBox's simulation of safety constraints. 
There is a substantial initial effort to define and iterate 
science observations goals. However during tactical 
execution of operations, the MESSENGER and 
CRISM teams use SciBox to automate the opportunity 
search, operation sequence derivation, schedule con-
flict resolution, operation sequence validation, and 
command sequence construction. As a result, CRISM 
and MESSENGER science operations teams are rela-
tive small and focus on define science observation 
goals, preparing the inputs for SciBox processing such 
as target lists, and validating SciBox outputs. 
Operational Risk: Operational risk can result from 
safety rules being overlooked, or from insufficient 
forward modeling to foresee a resource "crunch" (e.g., 
filling of the recorder) that results in degraded science 
return or even risk to hardware. Given the complexities 
of space missions, stringent reviewing has been used to 
ensure that operation and command sequences are 
compliant with the intents of observations and with 
safety constraints. Manual review relies on the state of 
minds of the reviewers at the time of the review. 
Sometimes, an sequence that violates known opera-
tional rules or observing intents slips past the review-
ing process. In contrast, both observing intents and 
known operational and safety rules are coded in Sci-
Box, and each operation and command sequence is 
automatically and systematically validated. In addition, 
the long term forecast of resource margin usage, in-
strument state, and spacecraft state provides lead time 
to develop risk mitigation strategies.  
Science Return: Most missions use a labor inten-
sive and iterative coordination process to plan the sci-
ence observation and to generate the command se-
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quence. The long delays in the traditional manual pro-
cess limit the number of iterations and trade-off evalu-
ations within the time allotted for a planning cycle. In 
addition, the duration of observation opportunities may 
vary drastically depending on the observing geometry 
and the previously scheduled observations. For exam-
ple, a near-nadir observation scheduled immediately 
after another nadir observation may require a small 
spacecraft slew. However, not knowing a priori the 
attitude of observation scheduled before, frequently a 
manual scheduling process allocates the maximum 
slew duration between observations. In this specific 
situation, SciBox algorithm computes the proper slew 
duration rather than an overly conservative default, and 
thus is able to pack more observations into the sched-
ule. 
Using a commodity computing cluster, SciBox can 
efficiently perfom more sophisticated search and 
scheduling. For example, during MESSENGER's pri-
mary mission, SciBox employed a swarm-like algo-
rithm to evaluate millions of imaging opportunities to 
collect parts of each of three global maps, and select 
about 80,000 imaging observations from these oppor-
tunities to map the entire surface of Mercury in each 
map with close to its optimal resolution and illumina-
tion conditions. Manual selection and scheduling of 
this many observations would not be feasible for Dis-
covery-class mission operations budgets. 
New Capabilities: The time scale in which SciBox 
is able to plan and generate commands is hours rather 
than days or weeks.  This can have benefits beyond 
operations; traditionally the complexities of science 
operation imposes a constraint on the mission design 
engineer to maintain orbit geometry to simplify ground 
operator daytime operation schedule, and also to re-
main synchronized with the planned command se-
quence. With SciBox, this constraint is no longer nec-
essary. On MESSENGER, this freedom has enabled 
the mission design team to perform orbit insertion with 
related tolerance for orbital period, and to focus more 
on other areas of mission safety. The final orbital peri-
od achieved by MESSENGER differs from the target 
orbital period by more than four minutes. This large 
deviation posed no risk to the operational plan and no 
loss to science goals. The MESSENGER team simply 
reran SciBox to generate a new observational plan and 
command sequence. 
SciBox can be used as a forward modeling simula-
tion tool as well to evaluate candidate strategies for 
new mission phases. For example, for its Extended 
Mission the MESSENGER team attempted to lower 
average altitude and increase the resolution and quality 
of geochemical measurements, while not opening gaps 
in investigations such as imaging that require regular 
and/or contiguous coverage. The team used SciBox to 
evaluate the data coverage and quality from various 
candidate orbital designs which included changing 
orbital inclination, periapse altitude, orbital maneuver 
strategy, and orbital period. This capability enabled 
MESSENGER to select a completely different orbital 
design from that originally proposed, changing the 
orbital period from a 12-hour orbit to a 8-hour orbit. 
Such drastic change in orbital design in such a short 
time would not have been attempted if a robust opera-
tional schedule and command sequence could not have 
verified.  
Summary: The application of the SciBox planning 
and commanding system to reducing operational cost, 
shortening operation schedule development, reducing 
operational risk, and increasing science return have 
been clearly demonstrated through CRISM and 
MESSENGER. The benefits also extend beyond the 
science operation environment.  
References: [1] Choo, T. H., et al (2011) LCPM 9. [2] 
Scott, L. Murchie., et al.  (2007) J. Geophys. Res., vol 
112, p E05S03. [3] Solomon S. C. et al. (2007) 
Space Sci. Rev., 131, 3-39. 
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The NetStation GPR (Ground Penetrating Radar) is a 
stationary, impulse, multiband polarimentric HF GPR, de-
signed to conduct geologic and volatile-related investiga-
tions of planetary environments in both the near- and deep-
subsurface (~10 - 103 m), whether employed as a single-
station investigation or as part of a geophysical network. 
An evolutionary refinement of the low-frequency GPRs 
developed for the original Mars Netlander and ExoMars 
missions, the NetStation GPR’s enhancements include: (1) 
operation over a broader frequency range (~1.8 – 5 MHz 
and 15 – 25 MHz, overlapping both MARSIS and 
SHARAD); (2) improved polarimetric and volume/3-D 
imaging capabilities; (3) measurement of surface permittiv-
ity and conductivity; (4) the potential for both monostatic 
and bistatic operation; and (5) the ability to stack up to 231 
coherent measurements (in monostatic operation), making it 
the most sensitive GPR ever built. 
The NetStation GPR’s low mass (~ 1 kg) and low aver-
age power consumption (~ 7 W), make it well-suited for 
deployment on a single lander or as part of a multi-station 
geophysical network.  In monostatic operation, the instru-
ment offers the ability to investigate the electromagnetic 
properties of the subsurface, at moderate (~100 m) to high 
(~10 m) resolution, in a broad cone-shaped region extend-
ing from ~10 m beneath the lander to a potential maximum 
depth of  ~1-2  km.  When operated bistaticly, in combina-
tion with either a rover or frequency compatible orbital 
radar sounder, this region of potential  investigation can be 
expanded up to a radial distance of ~0.5 km around the 
lander.   
With an extensive heritage from two prior low-
frequency GPRs (Netlander and ExoMars), the NetStation 
GPR has the ability to address a wide range of scientific 
objectives, many of which have already been successfully 
demonstrated in the field.   
In the context of the Concepts Workshop, the NetSta-
tion GPR addresses the following two challenges:  
1. Interrogating the shallow subsurface from orbit.  
2. Lightweight and low-cost in situ instrumentation to 
identify and triage high-priority materials for 
analysis.   
11. Lightweight, low-cost, probes or platforms (single 
or multiple), suitable to be carried by larger orbital 
or landed vehicles. 
providing important insights into the geologic evolution of 
the planet, as well as the distribution of subsurface volatiles 
and surface and subsurface geologic hazards that will be of 
critical importance to future human explorers.  
Subsurface sounding mode: In its Mars  network and 
stand-alone configuration, the NetStation GPR is designed 
to operate over the combined frequency range of MARSIS 
(1.8-, 3-, 4- and 5-MHz, with a 1 MHz bandwidth) and 
SHARAD (20-MHz central frequency, with a 10-MHz 
bandwidth) – offering the opportunity for direct compari-
sons with data acquired by these orbital sounders as well as 
providing a good compromise between maximum depth of 
sounding, vertical resolution, and realistically deployable 
antenna size.  
The NetStation’s antenna design, which consists of four 
orthogonal electric monpoles (to both transmit and receive) 
and a 3-axis magnetic sensor (to receive only), is a major 
contributor to the instrument’s enhanced capabilities – ena-
bling relatively high-resolution investigations of the struc-
ture and stratigraphy of the shallow subsurface, as well as 
the potential to sound to kilometer depths.  
NetStation’s antenna configuration enables it to conduct 
full polarimetric investigations of the subsurface – transmit-
ting with single-, dual-, or right circular polarization and 
receiving the H- and V- components (and their phase dif-
ference) coherently – to calculate the four Stoke’s parame-
ters and Circular Polarization Ration (CPR) in a manner 
similar to the Mini-RF on the Lunar Reconnaisance Orbiter, 
[1].  High CPR (>1) is a radar characterisitic of both very 
rough surfaces and icy environments, a measurement that 
has been used to identify the presence of ice in the perma-
nently shadowed regions of the Moon [2] and Mercury [3].  
Such a technique, will greatly enhance NetStation’s ability 
to distinguish between high-porosity sediments and high 
volume fraction subsurface deposits of water ice. 
The antenna design also enables NetStation to conduct 
monostatic 3-D investigations in a cone-shaped region be-
neath the lander by ‘steering’ the radiation pattern of the 
radar’s transmitted pulse with phase adjustments of the four 
monopole antennas.   The magnitude and direction of the 
propagation vector of the reflected signal can then deter-
mined by the simultaneous measurement of the signal’s 
magnetic and electrical components – a capability demon-
strated in Antarctic field tests of the Netlander GPR proto-
type [4, 5].  In this way, the number, depth, orientation, and 
electromagnetic characteristics of reflectors beneath the 
lander can be determined.    
Although designed primarily as a monostatic instrument, 
for operation from a fixed lander, the NetStation GPR can 
also be operated bistaticly, in conjunction with radar in-
struments on other spacecraft.  This capability was part of 
the original ExoMars mission design, where pulses, emitted 
by the GPR on the ExoMars lander, were to be received on 
the ExoMars Rover, with the aid of a small 3-axis magnetic 
sensor. Bistatic investigations of the region surrounding a 
NetStation-equipped lander can also be conducted by the 
reception of reflected signals from an orbital sounder (i.e., 
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[6], although the motion of the spacecraft does place a limit 
on the number of potential coherent additions). NetStation’s 
ability to use bistatic measurements to investigate a multi-
layered stratigraphy, was successfully demonstrated by a 
field tea st of development prototype in the West Egyptian 
Desert [7,8]. 
When implemented as part of the payload of a multi-
station geophysical network, the data acquired by the Net-
Station GPR will enable direct comparisons with the orbital 
sounding data obtained by MARSIS and SHARAD, at mul-
tiple locations, and with orders-of-magnitude improvements 
in sensitivity and horizontal resolution.  The resulting 
knowledge of the electro-magnetic properties and structure 
of the subsurface can be compared with the local- and re-
gional-scale geology visible in nearby outcrops, impact 
craters, orbital images and other remote sensing data sets.  
Terrestrial experience has demonstrated that the acquisition 
of such 3-D GPR data, in conjunction with the contextual 
information provided by other remote sensing data, can 
significantly reduce the ambiguity often associated with the 
interpretation of 2-D radar profiles -- greatly assisting in 
understanding the geology, geologic history, and volatilee 
stratigraphy of the crust  (e.g., [9,10]).   
Other operational modes: In addition to its subsurface 
sounding mode, the NetStation GPR has an impedance 
measurement mode and a passive (receiver) mode, each of 
which addresses a different set of scientific objectives.  
The permittivity of geologic materials reflects their 
composition, density, temperature, volatile  content and 
volatile phase.  The NetStation GPR can determine the 
permittivity of the shallow subsurface (averaged over the 
top few meters) from the impedance of the instrument’s 
electrical antennas deployed on the surface, [5]. Large di-
urnal and seasonal variations in regolith permittivity may 
provide critical evidence of temperature- and time-
dependent properties, such as the freezing and thawing of 
near-surface brines.  
In its passive mode the NetStation GPR acts as a simple 
broadband receiver which can be used to: (1) detect electri-
cal discharges in the atmosphere due to triboelectric charg-
ing (produced by dust grain collisions in dust storms and 
dust devils), (2) remote sensing of the lower ionosphere by 
monitoring diurnal variations in the intensity of the galactic 
EM background radiation -- which provides a measure of 
ionospheric absorption and its electron density profile, and 
(3) measure the natural RF background noise and the EMI 
generated by the spacecraft.  
Summary of Principal Science Objectives: Of the 
various approaches and techniques that might be used to 
investigate the subsurface geology and hydrology of Mars, 
terrestrial experience has demonstrated that geophysical 
techniques are best suited for this task [11,12].  Because 
ground penetrating radar is especially sensitive to the high 
dielectric contrast between liquid water and other geologic 
materials, such as rock and ice, the NetStation GPR is ide-
ally suited for the detection of diurnally- and seasonally-
occurring near-surface brines (utilizing its permittivity 
mode) and deep subpermafrost groundwater (using its deep-
sounding mode), as well as the investigation of other large-
scale crustal characteristics.  
Within a radius of several hundred meters around the 
lander, the NetStation GPR will provide invaluable infor-
mation about the geologic and hydrologic nature of the 
crust, at a scale of ~10 – 103 m and at a spatial resolution of 
~10 – 102 m – a capability provided by no other readily-
deployable geophysical investigation – outside of a more 
massive and operational complex active seismic array).   
These capabilities make the NetStation GPR a powerful 
tool to address the following high-priority (and inherently 
overlapping) science objectives: 
? Identify evidence of transient or persistent liquid water 
environments, and the occurrence of massive ground 
ice, that may support, or preserve evidence of, past or 
present life. 
? Understand the geology and geologic evolution of the 
landing site, including its local lithology, stratigraphy 
and structure. 
? Understand the distribution of ground ice and ground-
water.  
? Characterize the 3-D compositional, physical, and elec-
tromagnetic properties of the landing site – including 
the scale and magnitude of spatial heterogeneity – for 
comparison with those measured at larger scales by or-
bital remote sensing instruments, such as OMEGA, 
CRISM, MARSIS and SHARAD.  
? Characterize the electromagnetic activity of the atmos-
phere and surface environment, including the frequency 
and intensity of atmospheric discharges, variations in 
the electron density profile and other properties of the 
ionosphere, and the ambient RF background noise.   
? Identify potential hazards and in-situ resources of im-
portance to future robotic and human exploration.   
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Introduction:  Low frequency orbital Ground Pene-
trating Radars MARSIS and SHARAD have been used 
for years to reveal the structure and the nature of the 
Martian subsurface. They have provided impressive 
global results mainly on the polar caps on a large spa-
tial scale with a few tenths of meters of vertical resolu-
tion. Missions involving a rover provide the opportuni-
ty for a local but much more detailed characterization 
of the subsurface by an onboard dedicated GPR. This 
insight on the environment third dimension should 
logically complement the information provided by the 
rover’s camera on the sites visited by the rover. 
The WISDOM (Water Ice Subsurface Deposit Ob-
servation on Mars) GPR has been designed and select-
ed for the ExoMars rover mission. Its scope is to inves-
tigate the Martian near subsurface down to a depth of a 
few meters (commensurate with the capacity of the 
mission’s drill) with a vertical resolution of a few 
centimeters. A prototype representative of the flight 
model (form/fit/ function) but with non qualified com-
ponents is available for tests and validation. We give a 
description of the WISDOM instrument with a particu-
lar emphasis on the design that has been chosen to 
meet the challenging technical objectives and take into 
account the constraints of a space mission to Mars. 
Results obtained in natural environments illustrate 
some of the instrument performance 
 
Scientific objectives:  The most fundamental and 
basic aspect of the geologic characterization of any 
environment is understanding its stratigraphy and 
structure – which provides invaluable insights into its 
origin, the processes and events by which it evolved, 
and (through the examination of superpositional and 
cross-cutting relationships) their relative timing.  The 
WISDOM GPR is operated from the surface accom-
modated on a Rover and can provide an understanding 
of the 3D geological structure and electromagnetic 
nature of the subsurface units. In this way, WISDOM 
will address some of the most important science ques-
tions about the nature of the landing site, such as its 
depositional and erosional history, deformational and 
structural development, and the potential role (and 
distribution) of liquid water and ice in the hydrologic 
and periglacial evolution of the local landscape.  In 
addition to these objectives, the ExoMars mission will 
benefit from WISDOM ability to help identifying the 
most promising locations for drilling that combine 
targets of high scientific interest with minimum envi-
ronmental risk to the drill. 
The instrument:  WISDOM has the ability to in-
vestigate and characterize the nature of the subsurface 
remotely, providing high-resolution (several cm-scale) 
data on subsurface stratigraphy, structure, and the 
magnitude and scale of spatial heterogeneity. To reach 
such a high spatial resolution, a broad frequency 
bandwidth is needed and, as a consequence, the in-
strument must operate at a central frequency which is 
approximately 100 times higher than the one used by 
the SHARAD radar (i.e. from 0.3 to 3 GHz). The 
downside of these higher frequencies is the limited 
penetration that can be achieved into the subsurface. 
Nevertheless, measurements performed with 
WISDOM in natural environements have shown pene-
tration down to 3 meters in pyroclatic deposits and in 
excess of 20 m in very favorable environnements such 
as ice and snow.  
WISDOM is a step frequency radar operating over 
a wide frequency band between 0.5 and 3 GHz. Partic-
ular attention was paid to the design of the antenna 
system. The very broad frequency bandwidth neces-
sary to achieve the expected vertical resolution was 
really challenging for the antennas design, especially 
given the constraints mentioned above. Decision was 
made to have a fully polarimetric antenna system nec-
essary to study depolarization effects. The EMC re-
quirements, as well as pattern deformation due to radi-
ation coupling effects with the Rover structure, led to 
an antenna design based on a Vivaldi element [3]. 
The instrument has been designed to comply with the 
stringent constraints of a mission to Mars in terms of 
mass, volume, power consumption allocation and 




Figure 1 : WISDOM prototype : electronic unit on 
the left side and the two identical polarimetric (trans-
mitting and receiving) antennas systems on the right 
side 
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The mass allocation for the whole instrument elec-
tronics unit (DC/DC converters included), the antenna 
system and harnesses is less than 1.4 kg. The volume 
allocation for each polarimetric antenna system has 
been limited to approximately. 20cmX20cmX20cm. 
(see Figure 1) 
The fact that the instrument is designed to be 
mounted on a mars rover calls for antennas accommo-
dated a few tens of centimeters above the surface (see 
figure 2) which is usually not the case for a GPR oper-




Figure 2 : The WISDOM prototype accommodated 
on the MAGNA rover of the Polish Mars Society dur-
ing the Dachstein Mars simulation organized by the 
Austrian Space Forum(April-May 2012, Austria). 
 
 Instrument performances:  
Initial field tests have shown that the obtained in-
strument performance is in agreement with the ex-
pected ones. The vertical resolution achieved is as 
expected a few centimeters depending on the actual 
subsurface properties. 
 
 Figure 3 : Example of fine resolution obtained on 
Mount Etna. The profile shows some superimposed 
layers of pyroclastic deposits 
 
When the soundings are performed according to a 
regular grid pattern, it is possible to eventually recon-
struct a 3D subsurface structure. Figure 4 shows an 
example of 3D reconstruction of the very shallow 
layers detected on the CNES Mars yard in Toulouse 
[3]. For each profile, the soundings were performed 
every 10 cm and the profiles were 1 meter apart. The 
red interfaces correspond to interfaces where the deep-
er medium has a higher permittivity than the up-per 




Figure 4 : Example of 3D reconstruction IARES 
for operational tests performed in the frame of ESTEC-
CNES Remote Experiment #2 for ExoMars (Toulouse 
November 2011) [3]. 
 
Preliminary test measurements aiming at assessing 
the performances of the polarimetric capacities have 
been performed in an anechoic chamber at the Univer-
sity of Dresden, Germany. The results obtained indi-
cate that polarimetric measurements allow the retrieval 
of the orientation of cracks inside the soil. Moreover, 
co-polar measurements performed on targets show that 
the comparison between the two co-polar soundings 
induced by the shape of the radiation pattern provides 
an indication of the location of off track reflectors.  
 
Conclusion : 
A prototype of a radar to perform polarimetric high 
resolution soundings of the shallow subsurface of Mars 
has been developed for the ExoMars mission. This 
radar can easily be accommodated on any rover to be 
sent on Mars. WISDOM is versatile enough that it can 
adapt to slightly different situations (accommodation, 
the frequency band width can be slightly modified 
toward the low frequency to get deeper penetration 
provided that the volume allocated for the antenna is 
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Purpose: The Moon is not only the closest and most accessible extraterrestrial frontier.  The 
lunar surface, with its rugged terrain, long diurnal cycle, and wide range of extreme thermal and 
illumination conditions varying as a function of latitude and local relief, represents a great 
portion of the entire range of conditions found throughout the solar system. The lunar surface is 
thus an ideal ‘test bed’ for exploring planetary surface processes and origins as well as for 
developing core technologies required for planetary exploration. The lunar environment has, and 
can continue to provide options for low cost missions of high scientific and technological value.  
Thus, any sound approach to planetary exploration should prioritize access to the Moon. The 
question is how to provide such access at a time when the conventional approaches to space 
exploration are unable to provide adequate support to achieve planetary exploration goals.  
CubeSat Approach: We are proposing LunarCube, an extension of the affordable and 
successful CubeSat approach, to facilitate access to the Moon. CubeSat has already encouraged 
and increased access to Earth orbital space over the last decade. CubeSat provides standards for 
bus design and operation for low–cost, focused–objective, Earth orbital missions via open access 
documentation and even online purchasable kits [1, 2], facilitating the implementation process, 
and reducing development costs, risks, and time.  The bus provides standardized interfaces and 
shared access by guest ‘instruments’ to all subsystems using CubeSat protocols. Four key aspects 
of specified design are: 1) profile: short duration, low earth orbit; 2) form factor: multiple 10 cm 
cubes (U), typically varying from 0.5 to 3 U; 3) technology impact: low, incorporating off the 
shelf electronics and software; 4) risk: Class D, based on the rationale that CubeSat standards 
have been improved and demonstrated with use, and failures have far less impact, in terms of 
expenditures and size of groups involved, than conventional government sponsored ‘missions’. 
Part of its appeal is that CubeSat afforded universities access for hands on student education. 
After a decade of development, this approach is beginning to yield scientifically useful 
monitoring of Earth’s atmosphere and climate through combined experiments (e.g., CINEMA, 
CubeSat for Ions, Neutrals, Electron, and Magnetic Fields) [3]. Most recently CubeSat has been 
proposed as a model for a lunar swirl study mission [4]. 
LunarCube Concept and Core Technologies: LunarCube uses a similar approach for the 
lunar surface by maintaining the same standard on risk, thereby keeping costs low, but extending 
the current CubeSat concept in two stages to include additional capability required for deep 
space operation in five key areas: 1) profile: increase duration from months to years; 2) form 
factor: grow to at least 6U as needed; 3) control: active attitude control and propulsion, made 
sustainable with onboard intelligence for routine multi-platform operation; 4) information 
transfer: more robust communication and C&DH to support onboard processing, made 
sustainable with onboard intelligence for routine multi-platform operation, and 5) 
thermal/mechanical design: greater hardness to deep space radiation and ruggedness for extreme 
thermal variation, potentially using MilSpec components initially, but ultimately requiring state 
of the art cold temperature electronics and power developments for deep cryo operation. 
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 Accomplishment of the first two, and an adequate level of accomplishment of the third and 
fourth (LunarCube 1.0) would give access to lunar orbital space to provide, for example, 
communication satellite capability for cis-lunar or deep space.  Work at NASA Wallops has led 
to the development of a somewhat more robust and larger 6U CubeSat concept [5]. Partial 
accomplishment of the fifth (LunarCube 1.5), would allow multiple platform access to and 
operation, as well as survival and operation for at least a limited duty cycle on, the lunar surface. 
The somewhat larger volume would potentially allow several users to fly experiments, as in the 
ISS ‘nano’ rack concept [6]. Stage 2 (LunarCube 2.0) would require raising the technology 
impact, enabling incorporation of state of the art or even currently ‘under development’ 
technologies in several key areas resulting in fully implementing onboard intelligence (3 and 4) 
and deep cryo design (5) in electronics, power systems, mechanisms (moving parts), precision 
navigation and control, and advanced payload integration. Full operation on the lunar surface 
would be possible. At this stage, the LunarCube could be a virtual ‘smart phone’ with a ‘nano–
rack’ representing a variety of experiments, as open access software applications.  
Efficient Operation in Extreme Environments: Designing power systems to operate at cold 
temperatures is especially challenging, particularly when access to radio-isotope driven power 
supplies is so limited. Current solutions typically involve some form of ‘hibernation’ for limited 
duty cycle operation on the lunar surface. Indications are the Li-based battery technologies will 
probably be able to operate down to -100 degrees C within the next few years [7], but for 
operating at the extremely cold temperatures in the permanently shadowed areas, down to 25K, 
we will probably need high temperature superconductor systems now under development 
[8,9,10]. HTS based systems for cooling, power generation, transmission wire, energy storage 
(superconducting magnetic energy storage or flywheel), and regulation, are currently being 
tested for the large-scale efficient power generation, but further work is required at the small 
scales that are normally used in the laboratory. HTS-based technologies, although currently 
relatively low TRL, would provide the most optimal solutions for operating at cold temperatures. 
HTS is also promising for magnetic shielding [11]. Cold temperature analogue (SiGe) and digital 
(ULT ULP) electronics that will currently operate at these ‘cryo’ temperatures even more 
efficiently and with lower noise are available now [12,13] and awaiting an opportunity to be 
employed in the design of an entire package, redesigned to operate at a lower voltage. Thermal 
and mechanical design must provide a shield from extreme environmental conditions as well as 
deep space radiation on the lunar surface. Various radiator/cryocooler designs have been 
proposed for dealing with lunar daytime conditions as a function of latitude [12,14], and for 
dealing with cooling during lunar night [12,15]. High temperature superconductors could also 
provide the basis for efficient mechanisms for applications where ‘moving parts’ are required to 
operate under cryogenic conditions where minimal power is available.  Also under development 
by Flexure Engineering is a cryovac test chamber that could operate at three lunar surface 
temperature regimes that exist near the lunar poles. Such a system could be used to simulate and 
observe surface processes and to test equipment for use at the lunar poles.  
OnBoard Intelligence: Additional autonomy at every stage is highly recommended to 
support the adaptability needed for multiple systems that meet the demands of the distributed 
network of scientists and other stakeholders efficiently with minimal resources. Onboard 
intelligence also supports sustainability, minimizing the need for ‘ground control’ that would 
otherwise greatly increase cost as the number and complexity of system, and the need for remote 
communication and control, grows. Robust onboard intelligence is essential for robotics that 
allow maneuverability in any environment and the resiliency in behavior and capability for 
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learning [16,17]. Adaptable, reconfigurable communication and C&DH capability are critical to 
move from the one of a kind ‘mission’ to the sustainable ‘work station in space’ model.  
Frontier is a tool currently under development [16,17] that could provide the basis for such 
onboard intelligence capable of absorbing and utilizing lessons learned and thus evolving from a 
tool to a tool user: an adaptable framework consisting of a decision engine with evolving 
intelligence based on a genetic algorithm–driven evolving neural interface with an evolving 
synthetic neural system consisting of neural basis functions for the human and tool interfaces and 
a specially designed stability algorithm to balance rule– and choice–driven inputs originating 
from either side facilitate the design evaluation and selection process. The adaptable framework 
is increasingly capable of dynamic reconfiguration of parameters and rules associated with tools 
and resources, as well as selection of tools most optimally matched to stakeholder needs through 
pattern recognition in response to ‘lessons learned’.  
Communication: Frontier is built on an open source, web services oriented environment 
which is designed to support distributed, multi–user, concurrent access to resources and tools, 
modeling and development services, databases, simulation and scenario development, analysis, 
and evaluation. This would adapt readily to ‘multiple broadcast stations’ in space, creating a 
communication infrastructure with OSI layer 2 and layer 3 adaptations [18], and analogous to 
setting up a network of mobile cell phone towers.  We will need multi-channel communication 
along the lines of existing practices [18] for a Dedicated Channel plus open Channel, to process 
universal and mission specific signals.  Although RF may be used for shorter distance 
communication between spacecraft, for longer distances, optical systems, instead of RF, will be 
preferable, as they can transmit at higher data rates for less mass and power [19]. 
Potential Applications: Applications already identified include not only communication 
satellite clusters but lunar and space environmental monitoring packages in orbit and on the 
surface. A Cubesat-like bus could be used to support the concepts already proposed for sounding 
of the lunar limb [20], a solar occultation experiment package in lunar orbit [21], or 
magnetometer-equipped penetrators for study of lunar swirls [4].  Perhaps the ultimate longer 
term application would be extreme mobility rovers and sampling devices with ‘moving parts’ 
that could take advantage of high temperature superconductor-based magnetically driven 
mechanisms. Extreme mobility rovers [22] with robust intelligence capable of operating 3D 
reconfigurable node-and-strut-networks and stowing into extremely small volume would be ideal 
for reconnaissance in the rugged terrain associated with the polar regions, providing the low 
temperature operation problems had been solved. Two concepts for sampling systems currently 
being considered include TEGA used in the Mars lander, and RESOLVE, a combined drilling, 
sample arm, and multi-sample analysis system proposed as a lunar volatiles prospecting mission 
[23].  Even astrophysical observatories may be possible if considered in a modular ‘nanorack’ 
context. We are currently engaged in a study to reconsider ROLSS [24], Radio Observatory on 
the Lunar Surface for Solar Studies, an interferometer with distributed antennas, as a lunarcube 
mission. As for getting packages to the surface in the near term, the Astrobotic lunar lander 
mission concept being developed for the Google X-Prize has room on board and space for sale 
for a ‘rack’ of lunar cubes. 
Instrumentation: Over the last decade, investment from technology development programs 
has supported efforts to ‘microsize’ (tenths of U’s, tenths of kg’s) not only subsystems but 
instruments in order to reduce resources required for payloads [25].  As a result, SmallSat and 
even CubeSat appropriate versions for many key instrument types exist, and, where these don’t 
exist as yet, concepts do. Key instrument types would include those that can provide direct 
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elemental abundance information (Ray region: Gamma-ray, X-ray, and Neutron spectrometers), 
major geochemical sub-component or mineralogical abundance (Visible/Near Visible Region: 
UV, visible, Near IR, Mid IR spectrometers), physical component and surface distribution 
(Longwave Region: thermal IR, passive and active microwave and radio instruments), energetic 
particle or molecular component distribution (mass spectrometers, particle analyzers), and field 
distribution or interior characterization (magnetometers, gravimeters or radio science 
experiments, seismometers). The greatest progress has already been made in the extensively used 
visible/near visible region where versions of high resolution ‘microsized’ cameras and digital 
spectrometers already exist [e.g., 26,27] as do low power lasers to support spectroscopy [27].  In 
the ray region, X-ray spectrometers have already been significantly downsized, as solid state X-
ray detectors have become smaller and more efficient [25], and concepts for gamma-ray and 
neutron spectrometers of smaller mass and size, which could potentially operate in a ‘nanorack’ 
context, exist and await further funding for full development [28]. More compact, lower mass 
and power versions of longwave instruments, ranging from the mini-Thermal Emission 
Spectrometer [29] to Ground Penetrating Radar [30], have already been developed. Microsize 
versions of magnetometers [31], electric field instruments, electrometers, and magnetic 
susceptibility meters already exist [32], as do concepts for miniaturized seismometers [33], the 
elements of which could be flown in a ‘nanorack’.  Particle Analyzers and Mass spectrometers, 
although limited in volume reduction because of the need for high voltage power supplies, can 
potentially be redesigned with multiple smaller dimension collectors with smaller overall 
volume, and be deployed as ‘nanoracks’ [34].  Progress does need to be made in creating 
versions of these instruments capable of very efficient, long duration operation in extremely 
cold, high radiation environments. Ray region instruments are particularly sensitive to radiation 
damage [25]. 
Technology Demonstration Supporting LunarCube: SmartSats is a planned flight 
demonstration of technologies in three key technology areas critical for low cost, high value 
operation in Earth orbit and beyond: 1) autonomous close proximity operations (relative 
orientation and positioning, docking, rendezvous, station keeping, deorbiting, interacting with 
chaotically tumbling targets) for a small swarm (3 active 3U CubeSats and one passive target) 
utilizing GSFC patented Synthetic Neural System Nervous Net Attitude Control and Neural Net 
Target Discrimination, Tracking, and Prediction leveraged from previously supported 
developments in support of NASA ST-8 choice driven system for an autonomous navigation 
demonstration, and DARPA System F6 intelligent decision engine, and 2) In-Space primary 
propulsion utilizing Busek resistojet thrusters with the relatively high Delta-V and high thrust 
required for proximity operations) leveraged from developments in support of the Air Force 
NanoSat Program; 3) Novel RF inter-spacecraft communication system requiring COTS omni-
antenna and Honeywell Dependable Multiprocessor (DM) for processing leveraged from NASA 
ST-8 and the DOD SMDC TechSat. CubeSat bus design, building, integration, and testing will 
be provided by Morehead State University. The baseline new technologies will be exercised to 
characterize each spacecraft’s ability to take part in proximity operations.  During an initial 
checkout phase, the focus is on demonstrating individual spacecraft capabilities that address 
BAA requirements.  These include high precision control, microthruster propulsion, a full 
checkout of the sensor package, approach/avoidance maneuvering, and inter-spacecraft 
communications.  Once key technologies are characterized, the SmartSat formation will provide 
a multi-spacecraft system that can be operated as one spacecraft. Starting with individual 
spacecraft, progressively more sophisticated on-orbit behaviors will be performed as experience 
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is gained with the system. The orbits envisioned are at ~500km and mission lifetime between 6 
months and a year. Most operations will have the spacecraft working in close proximity (<< 
1km) and most work occurring at less than 10 m.  We are examining formations requiring 
minimal ΔV and anticipate moving between “string-of-pearls,” “breathing,” and non-keplerian 
formations during different experimental phases involving multiple approach/avoidance and 
multi-spacecraft strategies. Onboard COTS GPS sensors will provide information for both 
onboard GNC and the ground-based planning & ephemeris support. HTSI and MSU ground 
segment resources provide the excellent telemetry and command coverage needed for proximity 
operations testing.  
Current Status of LunarCube: We are developing a prospectus and requirements document 
and strawman kit to support phase 1 and phase 2. The first International LunarCube workshop to 
evolve those requirements and a preliminary design for the LunarCube platform will be held in 
early November of 2012 [35]. 
 
References: [1] DigitalCommons@CalPoly, 2012; [2] CubeSat Kit Site, 2011, 
http://www.cubesatkit.com; [3] UCBerkeley Site, 2011, 
http://newscenter.berkeley.edu/2011/10/03/students-building-satellite-thats-seen-as-future-of-
space-research/; [4] Gareck–Bethel et al, 2011, 
http://www.lpi.usra.edu/meetings/leag2011/pdf/2038.pdf; [5] Morring, 2012, Wallops Evolving 
into Smallsat Launch Center, Aviation Week, January 25, 2012; [6] SSL  Website, 2011,  
http://ssl.engineering.uky.edu/missions/international-space-station/nanorack-cubelabs/; [7]  
Smart et al, 2009, Intl Journal of Energy Research, 34, 2, 116-132; [8] Hazelton et al, 2011, 
EUCAS | ISEC | ICMC Superconductivity Centennial Conference, The Netherlands; [9] Xie et 
al, 2009, IEEE Trans. Appl. Superconductivity, 19,  3009; [10] J.D. Herbst et al, 2005, 
“Challenges and solutions for the use of flywheel energy storage in high power applications,” 
Electrical Energy Storage Applications and Technologies Conference (EESAT 2005), San 
Francisco; [11] Pamidi et al, 2012, IEEE Trans Applied Superconductivity, 22, 3, 9003004; [12] 
Clark et al, 2011, SPESIF 2011, Physics Procedia 20, 300-307; [13] Mojarradi, 2010, VLSI 
Design, 156829, doi:10.1155/2010/156829; [14] Ramsey et al, 2012, Proc 15th Intl Cryocooler 
Conf, article 187; [15] Hartenstine et al, 2011, ICES-2011; [16] clark et al, 2012; [17] Rilee et al, 
2011; [18] Nordell, 2008, Communication System Characteristics, IEEE PES DA; [19] Wilson 
and Enoch, 2000, IEEE Communications, August issue, 139-144; [20] Brasunas et al, 2002, 
Sensor Actuat. A-Phys. 96, 2-3, 211-213; [21] htttp://ntrs.nasa.gov/archive/nasa/ 
casi.ntrs.nasa.gov/20110015169_2011015941.pdf; [22] Clark et al, 2011, SPESIF2011, Physics 
Procedia 20, 308-315; [23] Colaprete et al, 2010, Science, 330, 463; [24] Lazio et al, 2009, SPIE 
Proceedings, http://lunar.colorado.edu/publicfiles/lazio-SPIE-09.pdf; [25] Clark and Rilee, 2010, 
Remote Sensing Tools for Exploration, Springer, 343 pages;  
[26] Clyde Aerospace, 2012, high resolution camera on a 3U cubesat,  http://www.clyde-
space.com/video/high_resolution_camera_3u_cubesat; [27] JPL Microdevices Laboratory, 
http://microdevices.jpl.nasa.gov/; [28] Parsons, personal communication, 2012; [29] Silverman 
et al, 2005, Acta Astronautica 59 (8-11): 990–999. DOI:10.1016/j.actaastro.2005.07.055; [30]  
Grant and Leuschen, 2011, Proceedings of the 2011 IEEE Radar Conference, May 23-27, 2011, 
Kansas City, MO, paper 3399, 1132-1134; [31] Auster et al, 2007, Space Science Reviews, 128, 
1-4, 221-240; [32] Buehler et al, 2000, Proceedings of the 2000 IEEE Aerospace Conference, 
Big Sky, Montana; [33] Mimoun et al, 2012, Experimental Astronomy, 33, 529-585; [34] Keller, 
personal communication, 2012; [35] www.lunar-cubes.com 
108 LPI Contribution No. 1683
 1 
DEVELOPMENT OF THE POTASSIUM-ARGON LASER EXPERIMENT (KArLE) INSTRUMENT FOR 
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Alamos National Laboratory, Los Alamos NM 87545; 6University of Arizona, Tucson AZ 85721. 
 
Introduction: Absolute dating of planetary 
samples is an essential tool to establish the chronology 
of geological events, including crystallization history, 
magmatic evolution, and alteration. Traditionally, 
geochronology has only been accomplishable on 
samples from dedicated sample return missions or 
meteorites. The capability for in situ geochronology is 
highly desired, because it will allow one-way planetary 
missions to perform dating of large numbers of 
samples. The success of an in situ geochronology 
package will not only yield data on absolute ages, but 
can also complement sample return missions by 
identifying the most interesting rocks to cache and/or 
return to Earth. In situ dating instruments have been 
proposed, but none have yet reached TRL 6 because 
the required high-resolution isotopic measurements are 
very challenging. 
Our team is now addressing this challenge by 
developing the Potassium (K) – Argon Laser 
Experiment (KArLE) under the NASA Planetary 
Instrument Definition and Development Program 
(PIDDP), building on previous work to develop a K-Ar 
in situ instrument [1]. KArLE uses a combination of 
several flight-proven components that enable accurate 
K-Ar isochron dating of planetary rocks. KArLE will 
ablate a rock sample, determine the K in the plasma 
state using laser-induced breakdown spectroscopy 
(LIBS), measure the liberated Ar using quadrupole 
mass spectrometry (QMS), and relate the two by the 
volume of the ablated pit using an optical method such 
as a vertical scanning interferometer (VSI). Our 
preliminary work indicates that the KArLE instrument 
will be capable of determining the age of several kinds 
of planetary samples to ±100 Myr, sufficient to address 
a wide range of geochronology problems in planetary 
science. 
The KArLE Concept: The K-Ar isochron 
approach is a relatively simple, and therefore more 
feasible approach for in situ geochronology. K is far 
more abundant in typical rocks than U, Rb or Sm, so it 
is readily detectable. The daughter Ar has a different 
physical state than the parent K, so the mass 
spectrometer component does not need to measure 
isobaric species. Finally, Ar diffuses less readily than 
He, so is more likely to be retained for a long time 
within a planetary surface rock. All of these attributes 
enable the K-Ar system to achieve desirable 
measurement accuracy using currently-available flight 
components and techniques.  
The KArLE instrument will leverage these 
advantages using an end-to-end concept nearly 
identical to the laser (U–Th)/He dating technique in 
use in terrestrial laboratories [2]. In this technique, U 
and Th are measured with conventional 
 
Figure 1: KArLE operational schematic and laboratory setup. LIBS = Laser-Induced Breakdown Spectroscopy; OM = Optical 
Method; QMS = Quadrupole Mass spectrometer. See text for more details on the specific components.  
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microanalytical techniques, such as electron 
microprobe, to determine their abundance by weight. 
The sample is then ablated with a laser in a UHV 
system to release He, whose absolute abundance is 
measured by magnetic-sector mass spectrometry. The 
relative and absolute measurements are related by 
precise measurement of the ablation pit using optical 
methods such as vertical scanning interferometry. The 
KArLE instrument largely follows this concept, but 
streamlines it by using the plasma generated by laser 
ablation to measure K, followed by measurement of 
evolved Ar by static mass spectrometry and relating 
the two using optical interferometry (Fig. 1). This 
slight change also allows both K and Ar to be 
measured on an identical spot on the rock, enabling an 
isochron to be developed to improve the age 
determination and revealing irregularities in the rock if 
they exist. 
In the LIBS method, a pulsed laser beam is focused 
on a target to ablate a small mass of material, forming 
a plasma. In the high temperature of the plasma, the 
atoms are electronically excited to emit light. Elements 
in the target sample are identified by collecting, 
spectrally resolving, and analyzing the plasma 
emission, and their abundance is related to the peak 
height. The advantages of using LIBS for KArLE are 
the absence of sample preparation and the liberation of 
daughter Ar in the plasma. The KArLE LIBS follows 
advances in development of LIBS for a variety of in 
situ planetary applications, including the ChemCam 
instrument on the Mars Science Laboratory [3, 4]. 
Laboratory noble-gas measurements are 
traditionally accomplished by magnetic sector mass 
spectrometers. It is infeasible for flight instruments to 
use this magnetic sector instruments because of the 
large mass and power required by the high voltage and 
strong magnetic fields; instead, missions typically use 
quadrupole mass spectrometry. QMS techniques 
typically have lower sensitivity but their mass and 
power attributes are well-suited to in situ applications. 
Recent advances, especially improvements in 
resolution, have increased the performance of these 
instruments to the extent that they have demonstrated 
utility in some geochronologic applications [5]. The 
KArLE mass spectrometer draws on neutral mass-
spectrometer instruments developed for several 
planetary missions (CONTOUR, MSL, LADEE) at 
Goddard Space Flight Center. 
It is necessary to relate the absolute QMS and 
relative LIBS measurements to each other. Laser U-He 
measurements accomplish this by measuring the 
volume of the ablated material and converting it to 
mass via an assumed density, which for the majority of 
planetary samples is acceptable without introducing 
significant uncertainty. There are many possible 
methods to measure the pit volume pit without the 
physical contact of a probe, including scanning 
electron microscopy, phase shifting interferometry, and 
vertical scanning interferometry. We are evaluating the 
applicability of these methods to the LIBS and QMS 
setup to achieve the desired measurements. 
Both first-principle analysis and model isochrons 
[6] show that a 10% measurement uncertainty coupled 
with a factor of 2 spread in K content among samples 
will be sufficient to achieve meaningful dates on lunar 
and Martian rocks. In most natural rocks, radiogenic 
isotopes are found in higher amounts in accessory 
minerals such as K-feldspar and phosphates, compared 
with the bulk silicates (olivine, pyroxene, feldspar). 
Therefore, analyzing tens of individual points on the 
whole rock will ensure that varying amounts of these 
accessory minerals are measured. Using published 
uncertainties for the measurement components (10% 
relative for the LIBS and QMS, and 2% for VSI), we 
believe that an accurate age with a precision of ±100 
Myr is achievable with this method. 
Applications: The geochronology instrument must 
be integrated into a suite of other instruments and 
measurements to give the rock context. Appropriate 
measurements include remote sensing for geologic 
setting, imaging and microscopic imaging for 
petrology, and microanalytical techniques for chemical 
Table 1. KArLE measurement requirements and component performance. 
Measurement Requirement Breadboard Component Performance Flight Component Performance 
K Ocean Optics LIBS MSL LIBS (ChemCam, without telescope optics) 
Spectral range (nm) 760-780 725-820 240-800 
Spectral Resolution (nm) 1 0.1 0.09-0.3 
Ar Hiden RGA MSL QMS (SAM component) 
Mass Range (Da) 2-40 1-50 2-535 
Mass Resolution (Da) 1 1 <1 
Sensitivity (cps/mol)  6.03E+17 1E+18 
Pit volume Keyence VK-X200 Laser Confocal Microscope 
Phoenix Atomic Force Microscope 
(MECA component) 
Field of view (µm) 1000x1000 3308×2506 2000x1000 
Depth of view (µm) 1000 10,000 50 
Resolution (µm) TBD 0.5-3.67 0.25 
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and mineralogic composition and variation. The 
instruments for making these measurements are 
expected to be present on any lander or rover as part of 
a standard measurement suite. However, the KArLE 
components themselves achieve many of these 
common analyses as well (e.g. full elemental 
characterization via LIBS, microscopic imaging via the 
optical component). 
Secondly, measurements must be made with as 
much contextual information about the sample’s 
location, composition, and properties as possible to 
ensure that the fundamental dating assumptions are 
valid, namely that the samples forming the isochron 
are cogenetic and that the system is closed. 
Finally, the measurement must generate an age that 
enables a geologic interpretation that clearly improves 
upon current knowledge. Many problems in 
geochronology require the resolution and sensitivity of 
a terrestrial laboratory and therefore cannot be solved 
by in situ instrumentation. However, many 
fundamentally important objectives on the Moon, 
Mars, and other rocky bodies could be met with an 
approach that yields ages with ± 100 Myr precision.  
Lunar volcanism. The relationship between basalt 
composition, location and age is crucial in 
understanding the nature of lunar magmatism. In the 
absence of sample return, our only way of 
understanding the ages of these rocks is via crater-
counting techniques on orbital images. Recent 
missions have enabled discovery of basaltic units with 
crater-count ages as young as 1.2 Ga, including those 
in Oceanus Procellarum, the Aristarchus Plateau and 
Mare Moscoviense on the lunar far side [7, 8]. These 
young basalts are unknown in the returned sample 
collection but may be a clue to the origin of some lunar 
basaltic meteorites such as Kalahari 009 and NEA 003 
[9]. Obtaining the age and composition of a young 
basalt flow and tying this information to the crater 
count and composition is therefore a desirable 
measurement.  
Lunar impact history. The lunar crater record 
provides the baseline with which we calibrate the 
absolute ages of all cratered surfaces in the inner solar 
system. While the lunar crater curve is well-bounded 
between ~1 and ~4 Ga, the curve on the older and 
younger ends is poorly constrained. The most 
important candidate on the Moon for absolute dating is 
the South Pole-Aitken (SPA) basin. It is the largest, 
deepest, and stratigraphically oldest impact basin on 
any terrestrial planet. Though determining the SPA 
basin age from gardened regolith may require very 
highly precise dates on hundreds of samples [10, 11], 
in situ dating of younger basins within SPA, such as 
Apollo and Ingenii, with an uncertainty of ±100 Ma 
would be useful bounds on SPA itself and on the 
subsequent impact history of the far side.  
 
Figure 2. KArLE QMS/LIBS breadboard schematic (see Fig. 1 and Table 1 for component definitions). 
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Martian terrains. The absolute ages of Mars’s 
geological events, and thus the time history of the 
planet’s evolution, will not be fully understood until 
the relative Martian chronology derived from 
stratigraphy is tied to an absolute chronology via 
radiometric dating of Martian rocks. Absolute ages of 
Martian surface units are uncertain by as much as a 
factor of two on older surfaces [12] and disagreements 
can be an order of magnitude or more on younger, 
lightly-cratered surfaces [13]. In situ age dating with 
an uncertainty of ±100 Ma would be a significant 
improvement, especially for sites in middle Mars 
history (late Hesperian through mid-Amazonian).  
Development: Under the current PIDDP funding 
cycle (through 2014), we have constructed a full 
breadboard of the KArLE concept. This prototype is 
intended to verify the measurement capabilities and 
performance, and to conduct trades in implementation, 
to bring the concept to TRL 4. For this breadboard, we 
are using commercial off-the-shelf parts with 
performance similar to flight parts (Table 1). These 
COTS parts are currently used in our collaborators’ 
laboratories for low-cost testing for their flight 
instruments (Ocean Optics LIBS in the LANL LIBS 
laboratory; Hiden RGA in the GSFC mass 
spectrometer laboratory).  
We have integrated LIBS and mass spectrometry 
into a single test chamber (Fig. 1, Fig. 2) and have 
defined an operational procedure. We acquired LIBS 
and QMS measurements on microcline and rhyolite 
samples to verify the testbed instruments’ 
performance, showing that they meet our initial 
estimations (Fig. 3, Fig. 4). We are currently 
calibrating both the LIBS and QMS on samples of 
 
Figure 2. 40Ar abundance in microcline and rhyolite test 
samples. The QMS was set in multiple ion detection mode 
using the secondary electron multiplier and continuous 
measurements were collected during the LIBS 
measurements. 40Ar buildup from background is small 
compared to the amount released from the sample. The 
microcline measurement is the total release from 200 laser 
shots and the rhyolite from 370 laser shots.  
Figure 4. LIBS spectra of microcline and rhyolite test 
samples showing K and O peaks (the oxygen peak is a 
triplet with a maximum intensity at 777.3 nm). Sample 
spectra in air were acquired with 100 shots each. The 
feldspar spectrum in vacuum (1.7E-07 torr) was acquired 
with 200 shots, and the rhyolilte spectra in vacuum with 
370 shots. Each spectrum was acquired individually and 
averaged during postprocessing. Backgrounds were taken 
each day consisting of at least 100 blank runs and 
averaged, then subtracted from the averaged sample 
spectra. LIBS signal intensity varies with confining 
pressure; at Mars pressure, the intensity is greater than in 
terrestrial atmosphere, but as pressure decreases further 
the signal intensity diminishes. However, even under the 
high vacuum conditions of the Moon, the signal is clearly 
differentiated from background and measurements can be 
made with confidence [14].  
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established composition and noble-gas content. 
Our PIDDP proposal envisioned Vertical Scanning 
Interferometry as the optical solution for KArLE, 
based on laboratory experience. However, examination 
of competing instrument requirements and eventual 
flight needs rule out VSI, particularly the need for 
vibration isolation and extremely close proximity to 
the sample surface (2-3 mm). Therefore, we are 
conducting trades on existing optical methods to 
evaluate their accuracy and precision as possible 
solutions, with a long-working-distance laser confocal 
microscope having good potential (Fig. 5). 
Development of this component also needs to include 
software development to co-register images and 
calculate volume via optical methods as well as 
experimental design to integrate the chosen method 
integration into the LIBS/QMS testbed. 
 Later this calendar year, we expect to have 
completed an end-to-end test of all components on a 
sample of known age and composition and proceed to 
exploring an extensive matrix of testing conditions to 
understand the complex effects of pressure, 
temperature, composition, sample preparation sample 
alignment, etc. on the KArLE measurements. Finally, 
we will use the experience to design a flight system 
that we will propose for further development. 
Summary: The potassium (K) – argon (Ar) Laser 
Experiment (KArLE) instrument concept uses flight-
heritage components combined in a novel way to make 
in situ noble-gas geochronology measurements. The 
KArLE instrument is currently at TRL 2. Our PIDDP 
funding is expected to bring the instrument to TRL 4 
by 2014, demonstrating the ability of our concept to 
make measurements with sufficient precision and 
accuracy to meet scientific goals. Additional benefits 
derive from the fact that each KArLE component 
achieves analyses common to most planetary surface 
missions. For example, the surface textures of the rock 
may be of interest, or additional optics could be added 
to the VSI to make it a true microimager. LIBS 
provides a complete elemental analysis of the rock, 
which is a fundamental analysis. The QMS could also 
be used for volatile-element analysis if plumbed to 
other sample inlets. The dual-use components make 
KArLE a highly attractive way to integrate 
geochronology into a payload capability rather than 
dedicated isotopic instruments. The flight heritage of 
the KArLE components strongly suggests that the 
finished instrument will be able to fit on rovers as well 
as landers and the operational concept is applicable to 
Mars, the Moon, asteroids, Mercury, outer planet 
satellites – indeed, any rocky surface. Flight 
opportunities in planetary science for the KArLE 
instrument include Discovery, New Frontiers, and 
Flagship missions, as well as any future directed 
mission such as Mars sample return or human 
precursor missions, and additional opportunities may 
arise as Missions of Opportunity on international 
missions to these destinations. 
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Figure 5. Volume of ablation pits using vertical scanning 
interferometry (left) and laser confocal microscopy (right). 
These measurements were acquired using two different 
optical methods on samples different from the LIBS/MS 
samples so are not directly comparable. However, they show 
the suitability of both methods for measuring pit volume.  
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Introduction:  We describe an approach to re-
motely image the dynamics of the Io plasma torus us-
ing low energy neutral atoms. Such a capability will 
improve understanding of the interrelation between 
volcanic, plasma torus, and Jovian magnetospheric 
mass and energy-exchange processes.  
Charge Exchange and Energetic Neutral Atom 
(ENA) Imaging: Energetic neutral atoms (ENAs) are 
produced when an energetic ion (greater than a few eV 
- for example, a corotating ion in the Io plasma torus) 
undergoes a charge exchange reaction with a cold neu-
tral atom (such as the neutral oxygen and sulfur that 
populate the torus). The cold neutral atom gives up an 
electron to the ion, neutralizing it. As a result, a cold 
ion and an energetic neutral atom are created. The re-
sulting ENA is no longer confined by the magnetic 
field and, in the case of charge exchange in the Jovian 
Io torus, has sufficient energy to escape Jupiter’s grav-
ity. The energetic neutral atom travels ballistically 
away from the location of the charge exchange reac-
tion which is generally energy and momentum con-
serving. Thus, measurement of ENA fluxes allows us 
to image remotely plasma populations that in the past 
had to be studied in-situ. 
In particular, ENA imaging allows (i) direct obser-
vation of charge exchange processes that result in the 
transfer of both mass and energy, for example the in-
troduction of cold ions into the Io torus via charge ex-
change, (ii) remote monitoring of plasma populations 
from a distance, for example outside of the Jovian 
magnetosphere, (iii) the acquisition of global informa-
tion about plasma populations, for example, their time 
and spatial variability and 
(iv) the ability to study 
fundamental plasma 
physics through temporal 
variations in ENA flux, 
for example the effects of 
wave processes [1]. 
In the case of the Jo-
vian Io plasma torus, 
ENA imaging will allow 
us to study the torus 
morphology, composi-
tion, and time-variability 
remotely. Here we dis-
cuss an instrument con-
cept based on flight-
proven technology to 
image remotely the Jovian Io plasma torus from even 
as far as outside of the Jovian magnetosphere. 
Instrument Description: The Jovian low energy 
neutral atom instrument concept is shown in Figure 1. 
The top section of the instrument consists of a passive 
conversion surface neutral atom imager with a 360 
degree field-of-view. In this design, energetic neutral 
atoms enter the instrument and hit a venetian-blind 
assembly of passive conversion surfaces at a small 
angle. 
The venetian-blind assembly increases the effective 
surface area of the passive conversion surfaces. A frac-
tion of the incident neutral atoms then become con-
verted to negative ions 
and traverse a torroidal 
analyzer, for energy 
measurement (shown in 
purple in Figure 1). The 
negative ions then in-
teract with a thin car-
bon foil to generate 
secondary electrons 
that are steered to hit an 
array of six microchan-
nel plates to produce a 
start signal and to de-
termine the direction of 
the incoming neutral 
atom. The ions upon 
exiting the carbon foil 
fly through the time-of-
flight chamber at the 
bottom of the figure and are turned around in a quad-
ratic potential which, like an harmonic oscillator, pro-
duces a time-of-flight (i.e. period of oscillation) inde-
pendent of energy but dependent on the mass of the 
incident ion. The ions then hit a stop microchanel plate 
allowing a determination of their time-of-flight and 
hence mass. 
As described above, the Io ENA telescope employs 
a quadratic potential high resolution mass analyzer (the 
chamber at the bottom in the concept figure). The high 
resolution mass spectrometer which takes the place of 
the simple detector plane used on previous ENA in-
struments represents a major advance for this type of 
instrumentation. Its performance has been electrostati-
cally modeled using simion code. The simulations 
show that for a linear electric field design we will 
achieve M/ΔM~50, remarkably good for an energetic 
neutral atom imager (as opposed to a thermal quad-
 
Figure 2 - The MINI-ME instru-
ment (upper near corner of space-
craft) on the FASTSAT spacecraft 
prior to launch. 
 
Figure 1 - Concept for a low 
energy neutral atom imager for 
observing Io torus composition 
and variability. 
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rupole mass analyzer), and necessary for separating 
molecular species. 
Estimate of Iogenic Neutral Atom Flux and In-
strument Count Rate: Eviatar and Barbosa [2] based 
on charge exchange of heavy ions in the Io torus calcu-
lated a creation rate Sn for fast (~70 km/s) neutral at-
oms from the Io torus of Sn=5.7x10
28 s-1. They model 
this oxygen and sulfur neutral wind as flowing out in 
the form of a cylinder of total height 2 RJ based on the 
geometry of the torus. Thus, if the neutral atom camera 
were observing the Io torus from outside the Jovian 
magnetosphere at even as far as 100 RJ, the neutral 
flux, ΦN~Sn/2π/(100RJ)/(2RJ)=9x105/cm2/s. This is a 
very large flux and a very observable flux - for com-
parison, it is about six times the solar wind oxygen flux 
[3]. 
The top end of the Io ENA telescope concept 
shown in Figure 1 has flight heritage based on the 
Miniature Imager for Neutral Ionospheric atoms and 
Magnetospheric Electrons (MINI-ME) instrument 
launched on NASA’s FASTSAT-HSV01 satellite (Fast 
Affordable Science and Technology Satellite 
Huntsville-01 mission) by the DoD Space Test Pro-
gram-S26 (STP-26) as a secondary payload from 
Kodiak, Alaska on 19 November 2010 [4]. MINI-ME, 
shown on the FASTSAT spacecraft in Figure 2, has 
collected data in full science mode as of the time of 
this writing for over 18 months. It responds to neutral 
atoms in the energy range from a few eV up to about 
700 eV, although the same design could go signifi-
cantly higher in energy. Note that energetic neutral 
oxygen from the Io torus will be at about 300 eV and 
energetic neutral S from the Io torus will be at about 
600 eV, well within the energy range of the MINI-ME 
instrument. 
The first science results from the FASTSAT/MINI-
ME instrument were reported at the Fall American 
Geophysical Union 2011 meeting [5]. One of the 
strengths of the MINI-ME design that will prove par-
ticularly useful for observing energetic Iogenic mole-
cules such as SO2 is its ability to detect not only ele-
ments but also molecules. Because some of the inci-
dent energetic molecules dissociate on the highly pol-
ished tungsten conversion surfaces and the dissociation 
results in the products moving at the same velocity as 
the original molecule, MINI-ME observes distinct 
peaks at energies in the ratios of the individual specie 
mass to the molecular mass. For example, the top two 
plots in Figure 3 show flight spectra from a MINI-ME 
pass of the aurora oval, based on FASTSAT/PISA and 
AMPERE data shown in the lower figures. In particu-
lar, the spectrum on the right shows two distinct peaks 
with energies of about 100 eV, the dissociated oxygen, 
and 200 eV, the undissociated O2. This characteristic 
response to neutral molecules, which was observed in 
the MINI-ME calibration data, will allow us to infer 
the presence of molecular neutral atoms from the Io 
torus at a high cadence while the time-of-flight unit 
will provide composition information on the observed 
molecules. 
The top end of the Io ENA camera shown in Figure 
1 is very similar to MINI-ME and provides compel-
ling, flight-based, evidence for the soundness of the 
design. Based on the calibration of the 
FASTSAT/MINI-ME instrument, the total instrument 
efficiency (including conversion, transmission, and 
MCPs) is ~10-3, and the aperature size is ~1 cm2 for a 
single angular sector. Thus, the count rate, RN, ob-
served by the Io ENA camera in the sector facing the 
Io torus at 100 RJ would be RN~9x10
5/cm2/s•10-3•1 
cm2 = 900 counts/s. This rate would, of course, be 
larger at closer distances. 
Assuming the efficiency of the time-of-flight unit is 
about 10%, this means even at 100 RJ the Io ENA 
camera would be observing about 100 counts per sec-
ond in the time-of-flight spectrum, statistics that would 
make it extremely easy to observe time variability in 
the composition of the Io torus and link it to both sub-
sequent Jovian magnetospheric activity as well as geo-
logic activity on Io itself. 
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Figure 3 - Data from the March 31, 2011 event including 
MINI-ME neutral atom data, PISA electrometer data, and 
AMPERE current profiles. 
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Introduction:  Past, current and future missions to 
the surface of Mars and the Moon include high-
resolution microscopic imagers [1-5]. High-resolution 
three-dimensional (3D) microscopic images provide 
morphologic, structural, textural and in some cases 
chemical information that are of utmost importance for 
conducting field investigations of planetary surfaces. A 
geologist may utilize such data to interpret soils, rock 
type and possibly the formation and weathering histo-
ries from the morphology of microtextures and grain-
size/properties. Such data may also be useful for de-
tecting signs of past or present biological activity – as 
noted by Schopf and Kudryavtsev [6], accurate docu-
mentation of 3D morphology of microfossils is one of 
the most important outstanding “problems confronting 
the study of ancient permineralized (petrified) micro-
scopic fossils”. This may provide invaluable context 
and targeting information when accompanied by other 
precision-based instruments on exploration missions. 
Several missions have now included a microscopic 
imager as highlighted by NASA – Mission Highlights 
[3]. 
The proceeding sections introduce and summarize 
the capabilities of the Three Dimensional Exploration 
Multispectral Microscope (TEMMI). We also demon-
strate TEMMI’s imaging quality on geologic materials, 
specifically impactites from various terrestrial impact 
structures, which may be analogous to structures found 
on both the Lunar and Martian surfaces.  
TEMMI Design: TEMMI was designed and de-
veloped for the Canadian Space Agency by two indus-
trial partners, MacDonald, Dettwiler and Associated 
Ltd (MDA) and National Optics Institute (INO) along 
with three investigative academic partners, Western 
University Canada, The University of New Brunswick 
and York University [7]. An advanced prototype of 
TEMMI has been built and tested for rover-mounted 
operation in terrestrial analog field trials. TEMMI con-
sists of a monochrome camera mounted to a micro-
scope objective. Attached are three identical LED-
based illumination units making TEMMI independent 
of natural lighting as well as a digital light processor 
(DLP)-based video projector with a white LED and an 
objective. Both objectives are custom designs employ-
ing a modified Offner reflective configuration, which 
makes them very robust to facilitate the development 
for flight readiness. An internal focusing stage is used 
to adjust the distance to the sample. In order to ac-
commodate field trials and integration on different 
rover platforms, the TEMMI prototype is housed in a 
single enclosure incorporating optics and all control 
electronics and requires only data and power connec-
tions to operate. TEMMI is fully remote controlled and 
provides all software for control and data processing. 
TEMMI Specifications: TEMMI offers three 
modes of operation. In the 2D color mode, images are 
acquired using illumination from eight different LED 
lights, covering the wavelength range of the visible and 
the near infrared (VNIR) from 455 nm to 850 nm. In 
this mode, calibrated reflectance images at the LED 
wavelengths, which can be combined into RGB color 
images, are obtained. In addition, diagnostic absorp-
tions in the VNIR short of 1 μm are specifically sensi-
tive to outer-shell electron transitions in transition met-
al cations, especially iron (Fe). As such, the TEMMI 8-
point spectra may be used to discriminate ferrous 
(Fe
2+
)- and ferric (Fe
3+
) iron-bearing minerals common 
to the Moon and Mars (e.g., Fig. 1). In the 3D mode, a 
number of images are taken using a DLP to project 
Moiré patterns from which a topographical map of the 
sample is calculated with lateral resolution of 5 μm and 
vertical resolution of 2 μm. 3D color composite images 
are derived by overlaying their corresponding 2D color 
image on their DLP - derived digital topography mod-
el. TEMMI also includes a fluorescence mode, for 
which a LED light at 365 nm may excite visible fluo-
rescence in biomolecules or minerals that are specifi-
cally sensitive to ultraviolet wavelengths.  
Two imaging modes are implemented for color and 
fluorescence imaging, the low-resolution mode provid-
ing a field of view (FOV) of 5.7 x 4.3 mm with optical 
resolution of ≤ 10 μm (4.4 μm pixel resolution) while 
the high-resolution mode provides a FOV of 5.7 x 2.1 
mm with ≤ 5 μm optical resolution (2.2 μm pixel reso-
lution). An internal focusing stage positions the micro-
scope around the working distance of 25 mm (range 
+5/-20 mm). The native depth of field (DOF) is less 
than 20 μm but TEMMI implements focus stacking to 
provide extended DOF of up to several millimeters.  
Demonstration: The purpose of the collaboration 
with the academic community is to demonstrate the 
application of TEMMI in the context of geologic mate-
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rials and relevant geologic investigations. The images 
in Fig. 2 are taken in a laboratory environment in order 
to show TEMMI’s images at their full potential. As 
TEMMI is designed to operate at these specifications 
on a rover, the images provided will ideally mimic 
those taken in a Martian or Lunar environment. From 
the images one can study the physical and structural 
properties of any sample, which may then be interpret-






Figure 2 shows a set of images of impactites (a 
shatter cone and a melt-bearing rock) including low-
resolution color images (Figs. 2a and c) and a screen-
shot of 3D color composite images (Figs. 2b and d). 
The micro morphologies become quite apparent in 
these samples by utilizing TEMMI’s focus stacking 
capabilities along with the 3D mapping. Fig. 2a and 
Fig. 2b are TEMMI images of the surface of a shatter 
cone – the only macroscopic indicator of the high 
shock deformation for an impact event [9]. The charac-
teristic conical and striated “horse-tail” structures cap-
tured by TEMMI are a diagnostic feature of shatter 
cones. The conical nature of the shatter cone, relevant 
to the proper identification of such a feature, is under-
appreciated in the 2D image, but is easily recognized 
in the 3D. Fig. 2c and Fig. 2d show a spherical, concre-
tion-like feature in a melt-bearing rock that is reminis-
cent of the hematite-rich martian ‘blueberries’ that 
were discovered by the Opportunity Rover in 
Meridiani Planum on Mars [10]. Like the shatter cone, 
the spherical nature of the putative concretion is not 
clear in the 2D image, but is easily discerned in the 3D. 
The images taken by TEMMI in Fig. 2 may be analo-
gous to features and structures that may be found in a 
Martian and/or Lunar environment. As such, the high-
resolution, multiwavelength, and 3D capability of 
TEMMI may prove invaluable for determining the 
geologic histories of the materials investigated by fu-
ture roving missions. 
Future Work: Ruggedizing the mechanical design 
and advancing the electronic design towards flight are 
important steps towards a flight design. Also, image 
acquisition and processing are currently lengthy pro-
cesses which could be improved by dedicated compu-
ting hardware. Further laboratory investigations, in-
cluding the utilization of the 8-point spectral data to 
distinguish geologic materials at microscales, and trials 
of rover-mounted operations in terrestrial analog sites 
are forthcoming. 
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Figure 2.  Left: low-resolution color images with a FOV 
of 5.7 x 4.3 mm, Right: 3D perspectives of the 
same images from (a) and (c) draped on their 
derived 3D models. 
a b 
c d 
Figure 1.  Left: selected minerals common to the Moon 
and/or Mars from the USGS VNIR spectral li-
brary. Right: the same minerals resampled to 
the eight TEMMI VNIR bandpasses [8]. 
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Introduction:  Titan is a high priority for explora-
tion, as recommended by NASA’s 2006 Solar System 
Exploration (SSE) Roadmap [1], NASA’s 2003 Natio-
nal Research Council (NRC) Decadal Survey [2] and 
ESA’s Cosmic Vision Program Themes. Recent revo-
lutionary Cassini-Huygens discoveries have dramati-
cally escalated interest in Titan. We present here the 
results of a study as documented in the TSSM Final 
Report [3] and Titan Saturn System Mission (TSSM) 
NASA/ESA Joint Summary Report [4] and we briefly 
describe some later Titan mission studies. 
 
 
Figure 1.  The release of the montgolfière from the 
TSSM orbiter 
 
Following 50 years of space exploration, the Cassi-
ni-Huygens mission has revealed the Earth-like world 
of Saturn's moon Titan and showed the potential habi-
tability of another moon, Enceladus. Cassini-Huygens 
discoveries have revolutionized our understanding of 
the Titan system and its potential for harboring the 
“ingredients” necessary for life. These discoveries re-
veal that Titan is very rich in organics, possibly con-
tains a vast subsurface ocean, and has energy sources 
to drive chemical evolution. The complex interaction 
between the atmosphere and surface produces lakes, 
dunes, and seasonal changes that are features that Titan 
shares with Earth. Cassini’s discovery of active geysers 
on Enceladus revealed a second icy moon in the Saturn 
system that is synergistic with Titan in understanding 
planetary evolution and in adding another potential 
abode in the Saturn system for life as we know it. 
These discoveries have dramatically escalated the inte-
rest in Titan and several concepts have been proposed 
in the past years : TSSM, but also JET (Journey to Ti-
tan and Enceladus), the Titan Aerial Explorer (TAE) 
and TiME, which we briefly describe in a later section.  
 
 
Figure 2.  The TSSM orbiter will have multiple op-
portunities to sample Enceladus' plumes. 
 
The TSSM Science Goals as shown in Table 1 res-
pond directly to NASA’s science objectives, ESA’s 
Cosmic Vision themes, and science questions raised by 
the extraordinary discoveries by Cassini-Huygens. 
TSSM science would embrace geology, meteorology, 
chemistry, dynamics, geophysics, space physics, hydro-
logy, and a host of other disciplines. Thus, it would 
engage a wider community than for virtually any other 
target in the outer Solar System. Clearly, Titan, a rich, 
diverse body offering the promise of extraordinary 
scientific return, is emerging as the compelling choice 
for the next NASA Flagship mission.  
 
Table 1.  TSSM Science Goals 
 
Although the scope of science possible at Titan co-
vers the entire range of planetary science disciplines, 
the TSSM team developed a mission that focuses 
NASA and ESA resources on the highest priority 
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science questions. Results of this study confirm that a 
flagship-class mission to Titan (including the Saturn 
system and Enceladus) can be done at acceptable in 
anear future. 
Mission concept:  The Baseline Mission concept de-
veloped by the study team included a NASA orbiter 
with Solar Electric Propulsion (SEP) stage and ESA- 
provided lander and montgolfière balloon. The floor 
for this collaborative mission concept preserves all 
flight elements except the SEP stage with the impact of 
taking as much as 1.5 years longer to reach Saturn.  
Many different mission architectures and trades 
were explored. Various combinations of orbiter and in 
situ elements, propulsion elements, single-launch ver-
sus multiple-launch scenarios and delivered mass ver-
sus trip time performance were assessed. Aerocapture 
concepts were not pursued as part of this study (be-
cause the study ground rules excluded it) but can be 
found in the 2007 Titan Explorer study report. 
The TSSM Baseline mission was chosen from a 
comprehensive assessment of alternative concepts and 
was found to be the optimal balance between science, 
cost, and risk. Results shown in Figure 3 indicate that 
the combination of orbiter, solar electric propulsion, 
lander, and montgolfière provides the highest science 
value per unit of currency invested. 
Mission Implementation:  TSSM implementation 
options would include orbiter and in situ elements that 
build upon and apply the design, operational expe-
rience and lessons learned from Cassini-Huygens, Gali-
leo, Mars Orbiter, New Horizons, Dawn, 
MESSENGER and Exomars missions. The flight ele-
ments were planned for launch on an Atlas V 551 
launch vehicle in 2020 using a gravity-assist SEP tra-
jectory to achieve a trip time of 9 years to Saturn. 
 
Table 2.  Key mission characteristics of the TSSM 
Baseline mission concept. 
 
Following Saturn orbit insertion, the orbiter would 
conduct a Saturn system tour, including 7 close Ence-
ladus flybys and 16 Titan flybys. This phase would 
allow excellent opportunities to observe Saturn, mul-
tiple icy moons and the complex interaction between 
Titan and Saturn’s magnetosphere. The montgolfière 
would be released on the first Titan flyby, after Saturn 
orbit insertion, and would use an X-band relay link 
with the orbiter for communications. The lander would 
be released on the second Titan flyby and communicate 
with the orbiter during the flyby only. This 24-month 
period will also mark the mission phase when all of the 
Titan in situ data is relayed back to Earth. Following its 
tour of the Saturn system, the orbiter would enter into a 
highly elliptical Titan orbit to conduct a two-month 
concur- rent Aerosampling and Aerobraking Phase in 
Titan’s atmosphere, sampling altitudes as low as 600 
km. The orbiter would then execute a final periapsis 
raise burn to achieve a 1500-km circular, 85° polar-
mapping orbit. This Circular Orbit Phase would last 20 
months. 
The orbiter concept has mass allocations of 165 kg 
for its remote sensing instruments and 830 kg for ESA-
provided in situ elements. Payload and operational 
scenarios were developed with the  Joint Science Defi-
nition Team (JSDT) to meet the prioritized science 
objectives. Flight and ground systems are sized to pro-
 
Figure 3.  TSSM's Baseline architecture maxim-
izes science return to investment. 
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vide the data volumes necessary to return measurement 
data from the orbiter and in situ elements. 
 
Figure 4.  Top-level mission operational timeline. 
 
TSSM benefited from proven experience, flight 
systems, launch capabilities, lessons learned and well-
understood trajectory options. The design relies on 
traditional chemical propulsion (similar to Cassini and 
Galileo), proven solar electric propulsion, a power 
source consisting of five Advanced Stirling Radioiso-
tope Generators (ASRGs) and a robust data relay and 
downlink system also compatible with Multimission 
RTGs. Table 2 lists major characteristics of the Base-
line mission.  
Payload: The orbiter, montgolfière and lake lander 
model instrumentation is described in Tables 3-4.  
Hereafter we focus on the model payload for the 
Montgolfiere. Several instruments could be placed 
aboard the gondola of the balloon in order to monitor 
atmospheric phenomena. Examples of measurements: 
Chemical analysis to determine the methane and 
ethane mole fractions, measure the noble gas concen-
tration, detect and characterize molecules and deter-
mine the concentration and bulk composition of aero-
sol particles. The need for high-resolution mass spec-
trometry could be satisfied through the development of 
the concept of mass analyser for space applications that 
is lightweight and provides ultrahigh resolving power 
capabilities (M/ΔM beyond 105 up to m/z 400): the 
Orbitrap. 
Spectral-imaging with the Montgolfière 
Near-infrared spectroscopy of the surface from the 
montgolfière provides high résolution views of the 
composition from reflectance spectroscopy across the 
organic (or organic-coated) dunes, outwash planes and 
channels, impact craters and any cryovolcanic features 
etc ; investigates  the composition of the surface of 
Titan (ices, organics)  at   regional and local scale with 
a spectral sampling of 10.5 nm; maps the temperature 
of the surface of Titan; investigates the troposphere in 
an altitude range of 3-30 km on the surface and the 
composition and optical properties of the haze, as well 
as any variable features in the lower part of the tropo-
sphere (clouds, plumes if any).  A unique feature of the 
montgolfière is its ability to circumnavigate the globe 
at low altitudes (10 km) so as to conduct very high 
resolution imaging of a broad sweep of terrains. The 
camera performs stereo panoramic and high-resolution 
geomorphological studies at resolutions of better than 
10 m per pixel, with selected areas at a meter per pixel 















Atmospheric structure with thermometer-barometer 
and electric package : In situ measurements are essen-
tial for the investigation of the atmospheric structure, 
dynamics, composition and meteorology. ASI/MET 
will monitor environmental physical properties of the 
atmosphere and the acceleration experienced by the 
entry module and probe during the whole descent.  
Radar sounding : This instrument will help recon-
struct the geological history of Titan characterizing and 
assessing the present day sedimentary environments 
and geomorphological features and identifying the 
stratigraphic relationships of ancient sedimentary 
units., It would allow one to detect sub-surface profiles 
and possible interfaces due to the presence of liquid or 
other structures (e.g. of tectonic or cryovolcanic 
origin). Also, it would help reconstruct their histories 
and provide altimetry at high/moderate resolution.  
Magnetometry: The magnetometer will measure the 
magnetic field in the spacecraft and aso perform 
gradiometry measurements. Magnetometry aboard the 
montgolfière and lake lander allow for sensitive field 
measurements beneath Titan’s screening ionosphere 
Radio science: The goal of the Radio Science ex-
periment is to provide signals to the Titan orbiter and 
direct-to-Earth, in order to make possible a precise 
estimation of the montgolfiere trajectory in Titan at-
mosphere. Gravitational measurements can be inferred 
from measurements of the relative velocity between the 
spacecraft and ground stations (Doppler shift). One-
way radio link will also yield temperature-pressure 
profiles for Titan’s atmosphere. 
 
 
Figure 5.  Imaging system on a Titan montgolfiere 
balloon. DLR/R. Jaumann. 
 
 



















































































Summary and conclusions: Since the 2003 Deca-
dal Survey, Cassini-Huygens discoveries have revolu-
tionized our understanding of Titan and its potential for 
harboring the “ingredients” necessary for life. Remar-
kably, the picture that has emerged is one in which all 
the aspects of astrobiological interest are packaged in 
one body. Titan appears to have an ocean beneath its 
crust, almost certainly mostly of liquid water. Contact 
with rock during the early history of Titan, as the body 
differentiated, would have led to a salty ocean. Added 
to this is a dense atmosphere with active climate and 
organic chemistry, a surface of hydrocarbon seas and 
river channels, and a climate system that is more Earth-
like in its operation than that of any other place in the 
solar system. With these recent discoveries, the high 
priority of Titan is reinforced. 
The Titan Saturn System Mission (Figure 6) offers 
high science return expectations in outer planets explo-
ration with an adequate payload to ensure : 
 Unequalled exploration of two worlds of intense 
astrobiological interest (Titan AND Enceladus) in a 
single NASA/ESA collaboration. 
 Major scientific advance beyond Cassini-Huygens.  
 Covers the full range of planetary disciplines.  
Table 3. Orbiter model science instruments and sci-
ence contributions. 
Inst. Description Science Contributions 
HiRIS High-Resolution Imager [in 
three colors (~2.0, 2.7, and 5–
6 µm)] and Spectrometer (near 
IR). Two spectral mapping 
bands 0.85 to 2.4 µm (5 nm 
spectral resolution) and 4.8 to 
5.8 μm (10 nm spectral 
resolution) 
Global surface mapping 
at 50 m/pixel in three 
colors. Spectral mapping 
at 250 m/pixel. Surface 
composition and 
atmospheric studies. 
TiPRA >20 MHz Titan Penetrating 
Radar and Altimeter. Two 
dipole antennas (1st one used 
for Enceladus and then 
ejected; 2nd for Titan orbit 
phase) 
Global mapping of 
subsurface reflectors with 
10 m height resolution in 
altimetry mode and better 
than 10 m in depth 
resolution. Lower data 
rate depth sounding 
mode with ~100 m depth 
resolution. Approximately 
1 km x 10 km spatial 
resolution.  
PMS Polymer Mass Spectrometer 
with M/ΔM ~10,000 for masses 
up to 10,000 Da 
Upper atmospheric in situ 
analysis of gases and 
aerosol precursor 
aerosampling down to 
600 km. Detection limit is 
better than 104 
particles/cm3. 
SMS Sub-Millimeter Heterodyne 
spectrometer with scanning 
mirror. 300 kHz spectral 
resolution, 12 km spatial 
resolution. 
Measure winds directly 
from Doppler. 
Temperature mapping 
from ~200–1000 km 
altitude; Obtain CO, H2O, 
nitrile and hydrocarbon 
profiles. 
TIRS Thermal Infrared Spectrometer 
Passively cooled Fourier 
Spectrometer 7–333 microns. 
Spectral resolution 0.125–
15 cm-1. 
Organic gas abundance, 
aerosol opacity and 
temperature mapping 30–
500 km. 
MAPP Magnetometer. Tri-axial 
fluxgate sensors 0–64 Hz. 
Noise levels of the order 
11 pTrms  
Measure interaction of 
field with ionosphere: 
internal and induced field.  
Energetic Particle 
Spectrometer. TOF analyzer 
with solid state detectors 
Measures ions in the 
energy range of 
2 keV/nucleon to 
5 MeV/nucleon and 
electrons in the range 
from 20 to 1000 keV with 
150° x 15° FOV.  
Langmuir Probe—Swept 
voltage/current probe. 
Measure thermal plasmas 
in Titan’s ionosphere over 
a range of densities from 
10 to 106 cm-3 and 
temperatures from 0.01 to 
10 eV. 
Plasma Spectrometer—
Electrostatic analyzer system, 
with a linear electric field time-
of-flight mass spectrometer. 
Measures ion and 
electron fluxes at ~5 eV 
to a ~5 keV. M/ΔM~10. 
RSA Radio Science and 
Accelerometer. Components 
are part of the spacecraft bus: 
USO, transponder, and 
accelerometers. 
Lower stratosphere and 
troposphere temperature 
profile. Gravity field.  
 
Table 4. Model instruments for the montgolfière. 
Inst. Description Science Contributions 
BIS Balloon Imaging 
Spectrometer  
(1–5.6 µm).  
Mapping for troposphere and 
surface composition at 2.5 m 
resolution 
VISTA-B Visual Imaging System 
with two wide angle 
stereo cameras & one 
narrow angle camera. 
Detailed geomorphology at 
1 m resolution 





characteristics & determine 
wind velocities in the 
equatorial troposphere 
TEEP-B Titan Electric 
Environment Package  
Measure electric field in the 
troposphere (0–10 kHz) and 
determine connection with 
weather. 
TRS > 150 MHz radar 
sounder  
Detection of shallow 
reservoirs of hydrocarbons, 
depth of icy crust and better 
than 10 m resolution 
stratigraphic of geological 
features. 
TMCA 1-600 Da Mass 
spectrometer  
Analysis of aerosols and 
determination of noble gases 
concentration and 
ethane/methane ratios in the 
troposphere 
MAG Magnetometer  Separate internal and external 
sources of the field and 
determine whether Titan has 
an intrinsic and/or induced 
magnetic field. 
MRST Radio Science using 
spacecraft telecom 
system 
Precision tracking of the 
montgolfière 
 





















Other concepts for future Titan missions 
Besides TSSM, future mission concepts include the 
Discovery JET proposal aimed at sending an orbiter 
to explore Titan with two instruments: a mid-infrared 
camera/thermal imager and a mass spectrometer : 
(www.lpi.usra.edu/meetings/lpsc2011/pdf/1326.pdf). 
The TAE concept used a helium-filled super-
pressure (or “pressurized”) balloon (instead of a 
montgolfière) with the capability for ground-
penetrating radar, radio science and multi-spectral im-
aging and spectroscopy, aerosol analyses, and possibly 
other instruments. The goal is to explore the processes 
that are at work on the surface on and near-surface of 
Titan with sufficient resolution and wavelength capa-
bility to quantify Titan’s methane hydrologic cycle.  
These goals require combined in situ measurements, 
high-resolution surface studies, subsurface sounding, 
and regional- to global-scale coverage. This combina-
tion of requirements calls for a long-range balloon sys-
tem (see  http://users.sch.gr/gbabasides/joomla/). The 
aerostat would carry a camera to observe the surface of 
Titan, while spectra of the surface would be taken to 
map out the locations and extent of deposits of major 
organic products of the methane chemistry.  
A radar sounder would probe the subsurface to look 
for evidence of layering associated with sedimentary 
deposition, cryovolcanism, tectonics, and other pro-
cesses that might dominate the particular regional con-
text elucidated by the imager. The aerostat, floating 
just at or below the methane cloud base, would also 
carry an instrument to sample the atmosphere looking 
for aerosols that nucleate methane-nitrogen cloud for-
mation. It would measure ambient electric and magnet-
ic fields to seek additional evidence for a subsurface 
water-ammonia ocean and determine the thickness of 
the ice crust above the ocean. 
Finally, the TiME mission, planned to land in Li-
geia Mare, is currently in competition among the Dis-
covery missions and aims at constraining the role of 
lakes and seas in Titan’s active carbon cycle and sear-
ching for signs of self-organizing organic chemis-
try.http://en.wikipedia.org/wiki/Titan_Mare_Explorer 
The anticipated measurements and payload are :  
 Determine the chemistry of a Titan lake to constrain 
Titan’s methane cycle : Mass Spectrometer  
 Determine the depth of a Titan lake: Sonar  
 Characterize physical properties of lake liquids: 
Physical Properties Package  
 Determine how the local meteorology over the lakes 
ties to the global methane cycle: Meteorol. Package  
 Analyze the morphology of lake surfaces and shore-
lines, in order to constrain the kinetics of lake li-
quids and better understand the origin and evolution 
of Titan lakes: Descent and Surface Imagers 
 
References: [1] NASA (2006), Solar System Ex-
plor. Roadmap for NASA’s Science Mission Direct, 
NASA Science Missions Director.,Washington,DC, 
http://www.lpi.usra.edu/opag/road_map_final.pdf. 
[2] National Research Council Space Studies Board 
(2003), New Frontiers in the Solar System: An Integra-
ted Exploration Strategy (the first Decadal Survey Re-
port), National Academic Press, Washington, DC. 
[3] TSSM Final Report on the NASA Contribution 
to a Joint Mission with ESA, 3 November 2008, JPL 
D-48148, NASA Task Order NMO710851 
[4] TSSM NASA/ESA Joint Summary Report, 15 
November 2008, ESA-SRE(2008)3, JPL D-48442, 
NASA Task Order NMO710851 




Table 5. Model instruments for the lake lander. 
Inst. Description Science Contributions 










determination of the amount 
of noble gases and analysis 
of complex organic 
molecules up to 10,000 Da.  
TiPI Titan Probe Imager 
using Saturn shine and a 
lamp 
Provide context images and 








Characterize the atmosphere 
during the descent and at the 
surface of the lake and to 
reconstruct the trajectory of 
the lander during the 
descent. 
SPP Surface properties 
package 
Characterize the physical 
properties of the liquid, depth 
of the lake and the magnetic 
signal at the landing site. 
LRST Radio Science using 
spacecraft telecom 
system 
Precision tracking of lander 
 
 
Figure 6.  The mission elements accomplish compre-
hensive scientific exploration of Titan and Enceladus. 
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Introduction:  Mass spectrometer (MS) based in-
struments provide unique capabilities for fundamental 
planetary science investigations whose major themes 
are:  Noble Gas Studies (measuring atmospheric noble 
gas abundances and isotopic ratios); Atmosphere Sur-
veys (studying the composition of atmospheric gases 
and aerosols); Organic Material Analyses (determining 
the organic composition and molecular structure of 
surface materials); Geochronology (determining geo-
logic ages of rocks by measuring isotope ratios);  and  
Environmental Monitoring on manned space missions. 
Because of the broad range of future planetary and 
manned missions requiring MS-based instrumentation, 
JPL’s Solar System Exploration Directorate has sup-
ported developing in-house Miniature Magnetic Sector 
(MMS) and Quadrupole Ion Trap (QIT) mass spec-
trometers, under development since 1994 and 2000, 
respectively. 
As a result of this support JPL is developing state-
of-the-art MS instrumentation and supporting technol-
ogies that can be employed on future Discovery, New 
Frontiers, and Flagship missions such as a Venus probe 
or lander, Saturn probe, Uranus probe, Neptune probe, 
Titan lander, Mars Sample Return, Mars Geochronolo-
gy Mission, and icy moon and small body landers. 
MS for Environmental Monitoring and Atmos-
pheric Surveys:  In 2004 ESMD and SOMD chose 
JPL to develop a compact gas chromatograph mass 
spectrometer (GCMS) for an accelerated technology 
demonstration aboard the International Space Station 
(ISS). The Vehicle Cabin Atmosphere Monitor 
(VCAM), shown in Figure 1, is a compact GCMS 
whose purpose is to monitor the quality of the breath-
ing air of the ISS [1]. In particular, VCAM identifies 
and quantifies the trace organic species, as well as the 
major constituents in the cabin. In this sense, VCAM 
functions as two instruments aboard the ISS: the Vola-
tile Organic Analyzer (for trace species), and the Major 
Constituents Analyzer (for N2, O2, Ar, and CO2).  The 
instrument uses a miniature preconcentrator, micro-
bore gas chromatographic column, and a QIT mass 
spectrometer to separate and quantify both targeted and 
non-targeted (including unknown) trace molecules. 
VCAM is capable of providing measurements of both 
parts-per-billion (ppb) levels of volatile trace-gas con-
stituents, and of the atmospheric major constituents 
(nitrogen, oxygen, argon, and carbon dioxide) in a 
space vehicle or station.  It is designed to operate au-
tonomously and maintenance-free, approximately once 
per day, with a self-contained gas supply sufficient for 
a one-year lifetime. It was flown to the ISS on shuttle 
mission STS-131 and commenced operations on June 
2010.  VCAM contined to operate successfully for over 
20 months, concluding operations on May 1, 2012.  It 
is manifest for return to earth on SpaceX’s Dragon 
CRS SpX-1 mission in late September 2012.  At JPL, 
VCAM will undergo post-mission testing to ascertain 
any critical lessons that can be learned for long dura-
tion operations. 
The severely constrained mass and size require-
ments that will be levied upon any instrument to be 
included on a future rover, balloon, lander, or long-
duration human exploration mission highlights the need 
for dramatically smaller mass, volume and power 
GCMS instruments. Through the Planetary Instrument 
Development and Definition Program (PIDDP) and 
NASA Advanced Exploration Systems (AES) pro-
grams JPL is developing a microelectromechanical 
systems (MEMS) preconcentrator (PC), GC [3,4] and 
miniature QIT MS that will retain the high sensitivity 
and selectivity necessary for analytical investigations 
but will realize an 80% reduction in mass and volume. 
This instrument, the micro Gas Monitor (mGM), when 
packaged for a Mars atmospheric mission is anticipated 
to be approximately 2.5kg and consume 25W.  A pho-
tograph of the MEMS GC is shown in Figure 2. 
 
Figure 1.  Photograph of the VCAM Protoflight 
Unit.  Not shown is the Orbital Replacement Unit 
(ORU) comprising the helium GC carrier gas and 
calibrant gas supplies. 
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Figure 4: Photograph of the fabricated HPLC 
chip 
MS for Noble Gas and Geochrology Studies:  
Chemical and isotopic measurements of rock and soil 
samples on extraterrestrial bodies have the potential to 
address an enormous range of scientific questions.  
Rocks and soils contain the geological record of the 
internal and external processes that shaped the evolu-
tion of their parent body; a record that can be read 
through measurements of chemical composition, iso-
topic composition, and age.  Measurement of the abun-
dances of radiogenic parent-daughter isotope pairs 
provides the absolute age of the rocks in which these 
elements occur and thus, the timeline of the planet’s 
formation and modification.  There is currently no 
means to perform such radiogenic isotope analysis re-
motely from planetary surfaces, and age estimates are 
limited to statistical techniques based on counting im-
pact craters in images of planetary surfaces.  A photo-
graph of JPL’s laser ablation-miniature mass spectrom-
eter (LA-MMS) for the chemical and isotopic meas-
urement of rocks and minerals is shown in Figure 3. In 
the LA-MMS method, neutral atoms ablated by a 
pulsed laser are led into an electron impact ionization 
source, where they are ionized by a 70 eV electron 
beam.  Currently, the LA-MMS limit of detection is 
0.4% weight, having been used for elemental composi-
tion measurements of various minerals including mi-
crocline, lepidolite, anorthoclase and USGS BCR–2G 
samples. The LA-MMS measurements of high preci-









Si (0.052 ± 0.006) [4].   
MS for Organic Materials Analysis: Through 
support of the Astrobiology Science and Technology 
Instrument Development Program (ASTID) JPL is 
currently building a new miniaturized instrument for 
analysis of organic compounds in planetary materials 
with parts-per-billion/trillion sensitivity (depending on 
target species) and accuracy, with a particular focus on 
detecting biomarkers previously extracted from 
crushed rocks, soils and ices. The ultimate goal of this 
research is to develop a miniaturized instrument for 
both robotic (longer-term development) and human 
missions (shorter development time). The work con-
sists of the development and integration of a TRL 3-4 
microfluidic High Performance Liquid Chromatograph-
on-a-chip (HPLC-chip) and a TRL-5 miniature QIT 
detector, based on flight heritage but modified for ex-
ternal ionization.  A photograph of the HPLC-chip is 
shown in Figure 4.   
References: 
[1]Darrach, M. R. et al. (2011) J. Am. Inst. Aero-
nautics & Astronautics. 2011-5214, [2] Yeom J., Field 
C., Bae B., Masel R. I., and Shannon M. A., (2008) 
Journal of Micromechanics & Microengineering, Vol. 
18, 125001, [3] Radadia, A. D., Masel R. I., Shannon 
M. A., Jerrell J. P. and Cadwallader K. R. (2008) Anal. 
Chem., 80 (11): p. 4087. [4] Sinha M. P., Neidholdt E. 
L., Hurowitz J., Sturhahn W., Beard B., and Hecht M. 
H., (2011) Rev. Sci. Instrum. 82, 094102.  
 
 
Figure 2.  Photograph of the MEMS GC with a 
penny coin for size comparison.  The GC microcol-
umn is 1 meter long with an interior diameter of 100 
µm.  The MEMS GC is being developed by Cbana 
Labs Inc. in partnership with JPL. 
 
 
Figure 3. Photograph of the magnetic-sector based 
miniature mass spectrometer. The CCD detector array 
and its electronics board are mounted along the 5 cm 
focal plane of the magnetic sector.  
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Introduction:  Photon-counting lidar altimeters 
and imagers are the most efficient possible since each 
range measurement requires only one detected photon 
as opposed to hundreds or thousands in conventional 
laser pulse time of flight (TOF) altimeters. The GLAS 
altimeter on ICESat-I, for example, has a minimum 
detectable signal corresponding to roughly 100 pho-
toelectrons but can produce in excess of 10,000 de-
tected  photoelectrons per pulse from high reflectance 
surfaces under extremely clear  atmospheric condi-
tions. Thus, single photon sensitivity translates to up 
to four orders of magnitude more imaging capability. 
Furthermore, single photon sensitivity combined with 
multistop timing capability enables the  lidar to pene-
trate semi- porous obscurations such as vegetation, 
ground fog or haze, thin clouds, water columns,  etc. 
and makes contiguous, high resolution topographic 
mapping on a single overflight possible with modest 
laser powers and telescope apertures – even from or-
bital altitudes. 
The feasibility of using photon-counting topo-
graphic  lidars in daylight was first demonstrated ex-
perimentally by NASA’s “Microaltimeter” system. [1]. 
The feasibility of spaceborne laser altimetry using mJ-
class, multi-kHz lasers and photon-counting receivers 
was established theoretically through link analyses 
and modeling of the solar noise background, and the 
specific case of a Mars orbiter at a typical orbital alti-
tude of 300 km was analyzed [2]. Correlation Range 
Receivers (CRR’s) with carefully chosen “range bins” 
and “frame intervals” were proposed as the “opti-
mum” software approach for extracting the surface 
signal from the solar background under low “contrast” 
(SNR) conditions. Although wide swath multi-beam 
“pushbroom lidars” are an alternate approach to large 
scale mapping, truly contiguous topographic mapping 
on a global scale with several meter horizontal resolu-
tion is accomplished most efficiently using an array 
detector and an optical scanner [3].  
Second Generation 3D Imaging Lidar: With 
USAF SBIR funding, Sigma developed and flight-
tested  a highly successful airborne 3D Imaging and 
Polarimetric Lidar prototype [4]. In this system (see 
spaceborne version of the block diagram in Figure 3) , 
a microchip laser transmitter produces 380 mW of 
infrared power at 1064 nm and a KTP Type II doubl-
ing crystal generates about 140 mW of green power  
(6 J per pulse @ 22 kHz). The green pulse train at 
532 nm is used for 3D imaging of the terrain while the 
residual 240 mW of 1064 nm  power can be allocated 
to measuring the depolarization produced by the sur-
face. With four 1064 nm channels, all of the Stokes 
parameters can be measured. 
After the two wavelengths are split by a dichroic 
beamsplitter, a Diffractive Optical Element (DOE) 
splits the 532nm  beam into a 10x10 array of beamlets 
which are  then recombined with the NIR polarimeter 
beam via a second dichroic. Both wavelengths are 
then transmitted through the central portion of a  3 
inch diameter transmit/receive telescope and steered 
by an external  dual rotating optical wedge scanner. 
The dual wedge design permits an infinite variety of 
scan patterns suitable for generating contiguous 3D 
images  from stationary, slow, or fast moving  plat-
forms. The telescope and scanner are common to the 
3D imager and polarization subsystems and therefore 
view the same patch of surface simultaneously. 
Since the DOE is about 80% efficient, each 532 
nm beamlet contains a little over 1 mW of green pow-
er (~50 nJ @ 22 kHz). The photons returned from the 
100  individual ground beamlets are collected by a 3 
inch diameter telescope and  imaged onto the Micro-
channel Plate Photomultiplier (MCP/PMT)  photoca-
thode. The microchannels provide 3x105 gain and 
guide the photons received from one beamlet to one 
anode of a matching 10x10 anode array with extreme-
ly low timing jitter. Each anode is then  input to one 
channel of a multichannel timing receiver, which has 
a + 40 psec timing (+ 6 mm ranging) resolution and a 
1.6 nsec deadtime. Thus, each laser pulse produces a 
10x10 pixel 3D image of a 1.5 m x 1.5 m square sur-
face from a nominal operating altitude of 1 km. A 
wide swath contiguous image of the terrain is generat-
ed by mosaicing these individual pulse images via the 
aircraft motion and a dual wedge optical scanner. The 
2nd generation instrument, including navigation hard-
ware (GPS and IMU),  weighs 76 lb, occupies less 
than 2.5 ft3, and consumes about 266 W of prime 
power.  
A sample 3D lidar image taken during a single 
overflight of the US Naval Academy campus in Anna-
polis  is shown in Figure 1. In addition to the build-
ings, much smaller objects such as gazebos, boat 
docks, footbridges, and even streetlamps are visible 
and their dimensions can be measured with sub-
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decimeter accuracy. The high spatial resolution is due 
to the decimeter level pixel level at the ground, a mea-
surement rate up to 2.2 million megapixels per second 
(100 beams at 22 kHz) , and the high range resolution 
provided by the short pulsewidth (700 psec).  
 Figure 1. 3D lidar image of US Naval Academy 
campus and football stadium in Annapolis, MD. 
The system has since been used by NASA and 
University scientists as a test platform for measure-
ments important to an understanding of global warm-
ing. These include cryospheric measurements in 
Greenland and Antarctica as well as measurement of 
tree heights and biomass. Because the system operates 
within the visible transmission band  of water, it has 
also demonstrated a  shallow water bathymetry capa-
bility.   
Jupiter Icy Moons Orbiter (JIMO) Study: The 
2nd generation 3D Imaging Lidar is essentially a 
slightly upgraded  airborne prototype of a  previously 
published  spaceborne 3D imaging lidar concept [3]. 
The principal upgrade is the inclusion of the DOE to 
break the raw laser beam into 100 distinct but equal 
beamlets as opposed to a single Gaussian beam illu-
minating all 100 detector pixels. The DOE makes the 
laser energy allocation to  each ground pixel more 
uniform, resulting in a constant probability of surface 
detection per pixel  and greatly reducing the likelih-
ood of  optical “crosstalk” beteeen adjacent pixels. 
 In 2006, Sigma completed a one-year conceptual 
study for NASA Headquarters on a scanning photon-
counting lidar for the  JIMO mission [5]. One JIMO  
science goal  was to globally map the surfaces of  three 
Jovian moons – Ganymede, Callisto, and  Europa  - 
from a nominal 100 km orbit about each moon. The 
stated resolution goals were 10 m horizontal and sub-
meter vertical. A major technical challenge was to 
map Europa in one month before Jupiter’s intense 
radiation field damaged onboard electronics. Although 
later studies published by researchers at JPL suggested 
that the Europa portion of the mission might be ex-
tended up to 3 or 4 months with proper shielding [6], 
our NASA study considered a worst case 30 day global 
map requirement at Europa. In 30 days, the spacecraft 
would complete about 348 polar orbits. With a mean 
volumetric radius of 1569 km, completing a globally 
contiguous  map of Europa would therefore require a 
minimum  lidar swath of S = 14.4 km, i.e.  the mean 
distance between satellite groundtracks.  
At 100 km, the 14.4 km swath implies a scan half 
angle of  = +5.72 degrees. Since spherical aberration 
in the telescope optics degrades the beamlet images 
within the detector pixels and  is difficult to correct 
over such a wide receiver field of view (FOV), our 
JIMO study concluded that a single wedge conical 
scanner would be optimum. Since the receive rays all 
return  within a very narrow  incidence angle range 
relative to the telescope optical axis, spherical aberra-
tion effects can be more easily corrected [5].  
Requirements  for Contiguous Mapping: In or-
der to map contiguously from an aircraft or  space-
craft, the lidar instrument must have the right combi-
nation of scan speed, laser repetition rate, and power-
aperture product. For contiguous along-track imaging, 
the conical scan  must complete one cycle before the 
spacecraft moves an array width along the 








   (1) 
where vg = 1.3 km/sec is the nominal ground velocity 
of the spacecraft at Europa, N2 = 100 is the number of 
pixels in the NxN detector array, and  =10 m is the 
desired horizontal ground resolution. For contiguous 
crosstrack imaging across a swath width S = htan = 














   (2) 
 
where h =  100 km is the nominal orbital altitude.  Finally, 
we need a certain Laser Pulse Energy-Receive Aperture 
(EtAr)  product to achieve the desired probability of detec-
tion per pixel, and this requirement can be obtained from 
















  (3) 
  
where, from Poisson statistics,  np =3 is the received photoe-
lectrons per ranging channel per pulse required to achieve a 
per channel detection probability per pulse of 95% in pho-
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ton-counting mode, c = 0.28 is the detector counting effi-
ciency, t = 0.72 and r  = 0.4 are the optical throughput 
efficiencies of the transmit and receive optics (including the 
transmitter DOE and receiver bandpass filter), h is the 
laser photon energy at 532 nm,  ~ 0.15 is the nominal sur-
face reflectance of soil at 532 nm,  ~  for modest surface 
slope, and T0 ~1 is the one-way atmospheric transmission at 
the Jovian moon. Combining (2) and (3) gives a minimum 




















The results of our JIMO analysis are summarized 
in Table 1 assuming N2 = 100 . Because of their larger 
diameter, Callisto  and Ganymede require a minimum 
56 and 60 days respectively to complete one global 
map.  Since the ground velocity is highest at Gany-
mede, this moon drives the requirements on scan fre-
quency capability, laser repetition rate, and power-
aperture product as given by equations (1) through (4). 
The JIMO scan and repetition rate requirements ac-
tually fall well below the capabilities of our current 
airborne lidar, i.e. fscan = 25 Hz and fqs = 22 kHz  
 
Jovian Moon Europa Callisto Ganymede 













Mean Volumetric Radius, km 1569 2400 2634 










Satellite Altitude,  km 100 100 100 
Satellite Ground Velocity, km/sec 1.30 1.63 1.83 







Global Mapping Cycle, Days 30 56 60 
3D Imager Resolution, m 10 10 10 
Swath Width,  km 14.4 14.4 14.4 
Scanner Half Angle, deg 5.72 5.72 5.72 
Min. Scan Frequency, Hz 13.0 16.3 18.3 
Min. Pulses per Scan 452 452 452 
Min. Laser Fire Rate, kHz 5.88 7.37 8.27 
Spacecraft T/R Displacement, m 0.87 1.09 1.23 
Scanner T/R Displacement, mrad 55 69 77 
Scanner T/R Displacement, m 394 494 555 
Minimum Lidar PA-Product, W-m
2 0.797 0.998 1.12 
Table 1. Summary of JIMO lidar requirements, as-
suming a 30 day mission at Europa and an orbital 
altitude of 100 km at all three Jovian moons. The 
moon driving a particular  lidar specification is indi-
cated by boldface type. 
Space Qualification: The Power-Aperture product 
of 1.12W-m2 required for the JIMO mission is well 
within the space laser and telescope state of the art. 
NASA’s ICESat-2 mission [7] is in the process of 
space-qualifying  several  required  subsystems includ-
ing the laser, timing electronics, attitude determina-
tion, and devices for maintaining the alignment be-
tween the transmit and receive fields of view (FOVs). 
For example, the ATLAS  laser transmitter produces a 
10 kHz train of 0.5 mJ pulses, or 5 W,  at 532 nm. 
Thus, from Figure 2, a 55 cm diameter receive tele-
scope aperture, only slightly larger than the 50 cm 
telescope used for the Mars Orbiter Laser Altimeter 
(MOLA), would be adequate.  
The rotating wedge  optical scanner is not dissimi-
lar to momentum wheels routinely used for years for 
stabilizing spacecraft attitude  but will require further 
independent development and testing to demonstrate 
long term reliability in a space environment. Further-
more, the high ground speeds (up to 828 km/sec)  
achieved by the scanner from altitude, combined with 
the approximate 670 microsecond pulse time-of-flight, 
requires that there be a controlled phase lag between 
the transmit and receive scans in order to properly 
image the 10x10 beam array images on the corres-
ponding pixels of the detector [3]. According to Table 
1, the angular phase shift could be as high as 77 mrad 
at Ganymede, corresponding to a physical Trans-
mit/Receive (T/R) FOV displacement of 555 m (or 
5.55 array dimensions) at the ground. These dis-
placements  are 2 to 3 orders of magnitude larger than 
the meter level T/R displacements  due to spacecraft 
velocity (which can be ignored).  
 
Figure 2. Combinations of  transmitted laser pow-
er and receive telescope diameter meeting  the PA = 
1.12 W-m2 requirement for mapping Ganymede.   
Similar speed-of-light T/R compensation must also 
be applied in  our high altitude (20 to 50 kft), wide 
swath (up to 5 km)  airborne 3D imaging lidars which 
will undergo flight tests later this year. However,  the 
airborne systems  have a monostatic optical design 
consisting of a small  diameter (7.5 to 15 cm) tele-
scope and an external scanner common to both the 
transmitter and receiver. For small telescopes, speed-
of-light compensation is accomplished relatively easily 
by mounting a small angle, corrector wedge at right 
angles to the main scanning wedge which only acts on  
either the transmitted or received beams. For the larg-
er receive telescopes required for spaceborne imaging, 
however, we proposed the use of a bistatic optical de-
sign. In this case, a special three element receive tele-
scope allows the use of a small internal scanner [5], 
thereby permitting a major reduction in scanner mass, 
size, and prime power consumption. A second small 
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scanner, acting only on the transmit beam, has an 
electronically controlled  phase lag that can be opti-
mized based on real time range measurements to the 
surface. This type of electronic phase control is al-
ready implemented in our dual wedge airborne scan-
ners and allows us to generate a wide variety of scans. 
For example, by adjusting the phase lag between two 
wedges rotating in the same direction, one can change  
the  radius of a conical scan. Similarly,  by adjusting 
the phase lag between two wedges rotating in opposite 
directions, one can change  the  angle of the raster 
scan with respect to the ground track or vary the angle 
to generate a 3D image from a stationary platform. In 
effect, the transmitter and receiver in our JIMO con-




















































Figure 3: Block diagram of proposed 3D Imaging 
and Polarimetric (optional) lidar for planetary mis-
sions. Except for a higher  laser power and the bistatic 
scanner design, the diagram is identical to the 100 
beam 2nd Generation lidar.  
Data Volumes: From Table 1, the nominal num-
ber of surface range measurements per second at Ga-
nymede  is about 800/sec. Since  24 bits is required to 
measure a nominal 100 km range with 1 cm accuracy,  
surface range data is collected at about 19.2 Mbps or 
2.4 MBps (1 Byte = 8 bits) which must be temporarily 
stored onboard until it is relayed back to Earth. With-
out data compression, a 60 day globally contiguous 
map of Ganymede would generate about 12.5 Tera-
Bytes (TB) of range data plus some overhead. Al-
though modern Solid State Drives (SSDs) are capable 
of storing multiple  terabytes of data in a compact vo-
lume, transfer of data back to Earth via current Deep 
Space Network (DSN) X-band  links would be pain-
fully slow. Assuming the spacecraft were equipped 
with a 100W X-band transmitter and a 3 m dish an-
tenna communicating with a single DSN Earth sta-
tion, the maximum data rate from Jupiter would be 
about  83Kbps [8], requiring about 231 seconds to 
transmit 1 second of uncompressed lidar data. Howev-
er, according to Table 2, projected DSN upgrades 
from X to Ka-band are expected to increase data rates 
from Jupiter to 5 Mbps by 2020, requiring only 4 
seconds to transmit 1 second of uncompressed lidar 
data. Furthermore, a fair amount of compression is 
possible. For example, on a single pulse, the most sig-
nificant bits in the range measurement are common to 
all 100 beamlets, the full 24 bits could be carried for  
one beamlet with the remaining 99 assigned only 14 
or 15 bits to account for up to km level surface varia-
tions within the 100m x 100 m beam array. This alone 
would reduce transmitted data volume by about 40%. 
Science Motivation: The topography of solid pla-
netary bodies is a result of processes that have taken 
place in the interior and at the surface of the bodies, 
and of the rotational and orbital dynamics of the bo-
dies.   For icy moons in the Jupiter system, the prin-
cipal external forces that influence topography include 
tidal forces associated with the gravitational attraction 
of Jupiter and the other Moons.  In addition, the ther-
mal and dynamic response of the ice and any possible 
fluids under the crust will cause distortions of global 
shape and topography that can be expected to change 
on time scales of the orbital period of the body about 
Jupiter or longer. 
 
Table 2:  Current and projected DSN data rates for the 
outer planets [8]. 
Of particular interest among the Galilean satellites 
is Europa. Imaging observations by Voyager and Gali-
leo have provided enticing circumstantial evidence for 
a subsurface ocean within the moon’s icy mantle. The 
likely mechanism to maintain, over the age of the so-
lar system, temperatures compatible with a liquid wa-
ter interior, is tidal heating, produced continuously as 
Europa revolves in its eccentric orbit about Jupiter. 
Europa presents the best evidence for a present-day 
ocean on a planet other than Earth, and the tidal dis-
tortion that may be essential to sustain a putative sub-
surface ocean is the key to its detection.  
The largest tides on Europa are those caused by the 
gravitational attraction of Jupiter. Because Europa's 
rotation is synchronous with its orbital motion, both 
having periods of 3.55 (Earth) days, tidal variability 
requires an eccentric orbit and occurs at this same 
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period, Europa's gravity field as inferred from Gali-
leo's orbit suggests that the total thickness of the com-
bined ice/ocean layer is probably between 80 and 170 
km [9]. Tidal forces will temporally warp the surface 
of Europa. The amplitude will be sensitive to whether 
or not an ocean exists and  its depth and thickness as 
well as that of the overlying ice layer.  Results indicate 
a difference in the maximum tidal amplitude of 40 
meters depending on whether or not an ocean exists. 
Subsurface oceans have also been proposed for Jupi-
ter’s moon Ganymede and Callisto, with tidal ampli-
tudes with an ocean present of order 5 m and without 
an ocean of less than a meter [10]. While ocean detec-
tion was originally proposed to be estimatable from a 
combination of the gravitational and topographic Love 
numbers, k2 and h2, the state of the art in laser altime-
try and orbit determination [11,12] dictates that the 
time-varying tide ought to be directly measurable.    
In fortuitous circumstances the global tidal pattern 
for Jupiter’s icy moons should be predictable and mea-
surable, the latter with existing technology.  But glob-
al heterogeneities in lithosphere thickness due to spa-
tially variable subsurface heating, pervasive surface 
fracturing due to impacts, or even the possibility of a 
non-global ocean could result in complexities in the 
tidal response to Jupiter’s gravity that could confound 
the ability to detect the tidal amplitude in either gravi-
ty or topography during the short mission duration 
that will characterize any orbital mission, at least for 
Europa.  To isolate the tidal response in such a cir-
cumstance will require high spatial resolution of sur-
face elevations at a radial accuracy level that would 
enable local temporal height changes of sub-meter 
amplitude to be detected.  The global-scale spatial 
topographic mapping that characterizes our proposed-
system would also address goals of the JIMO mission 
associated with surface geology and tectonics.  Our 
lidar also has an optional  polarimetric capability to 
measure small-scale surface roughness and granulari-
ty. It is also  possible to share the telescope and scan-
ner with a passive hyperspectral imager to address 
surface composition on a global scale. 
Summary:  Photon-counting lidars can detect sin-
gle photon surface returns and thereby increase the 
spatial coverage and resolution by orders of magnitude 
relative to conventional multi-photon lidars for a giv-
en Power-Aperture Product. Airborne tests of 1st and 
2nd generation 3D imaging lidars have demonstrated 
the capabilities of photon-counting lidars operating in 
daylight and their scalability to space platforms. Pho-
ton-counting lidars are ideal for planetary and lunar 
mapping missions where instrument mass, size, and 
prime power are heavily constrained. They are espe-
cially attractive for mapping the outer planets and 
their Moons where the solar background count rates  
are relatively low compared to Earth (e.g. 25 times  
less at Jupiter). Current programs, such as the ATLAS 
lidar on ICESat-2,  are in the process of qualifying 
most of the key subsystems  for space. The biggest 
technological impediment in  employing advanced 
high data rate Earth sensors (such as megapixel per 
second lidars, hyperspectral imagers, synthetic aper-
ture radar, etc.) for the sensing of extraterrestrial pla-
nets and moons is the limited information carrying 
capacity of current interplanetary microwave commu-
nications links. An important initiative of JIMO was 
the inclusion of  a high data rate interplanetary laser 
communication system, and this capability must be 
encouraged for future interplanetary missions in order 
to take maximum advantage of advanced sensors.   
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I. Introduction 
The planetary scientists and geologists are always interested in understanding constituents of small 
planetary bodies including asteroids and Near Earth Objects (NEOs).  The scientific investigation goals of 
such planetary missions  are (i) to determine the dielectric proprieties  of the small-body; (ii) to detect 
large-size structures (hundreds of meters) and stratifications; (iii) to detect and characterize small-scale 
irregularities (tens of meters) within the object.  One of the important instruments that are used for such 
studies is very low frequency radar which allows the scientist to measure and analyze radio wave signal 
which have propagated through all or parts of the target.  A detail analysis the reflected and transmitted 
radio wave signal through the small planetary body will allow the scientists to understand inhomogeneity 
and will help identify rocks, gaps and voids. From this investigation, it will be possible to answer some 
fundamental questions of small-bodies science: structural integrity of asteroid?  Is it homogeneous, 
layered or composed of accreted blocks? 
 Besides its space and planetary applications, RF sounding plays invaluable role in many other 
engineering applications: Examples:  locating human movements behind walls of buildings, rescue 
operation in an Earth quake area or collapsed buildings.  RF sounding is also extensively used for civilian 
and military applications.   The low frequency radar used for RF sounding must be designed differently 
 depending upon its application and requirement.
Figure 1 shows an RRTT (Radio Reflection Transmission Tomography) instrument deployed in an 
asteroid mission setting and capable of sounding (RF) the internal structure of asteroids and comets to 
 determine their in homogeneity and composition.
                                            
Figure 1:  Low Frequency ISAR observing reflected/transmitted radio waves from an asteroid  target. 
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II.  Development of Forward & Inverse Mathematical Model for RRTT Instrument 
In this section, assuming simple radar model, we develop forward/inverse mathematical models for 
RRTT instrument.  Using the forward model we generate simulated radar data for both reflected and 
transmitted radio signal.  The simulated reflection/transmission data are then used to estimate interior 
 structural image of assumed target.  
Forward Scattering Model: 
 
Figure 2:  Scattering Model for generating simulated reflection/transmission data 
To develop a forward scattering model of a target asteroid, we assume that its topology is known.  The 
interior volume of the shape can then be discretized into appropriate number of tetrahedron cells (Each 
cell can be assigned different electrical properties).  Using the Finite Element Method (FEM, [2]) for the 
interior region of the target and the Boundary Integral Method (BIM) on the boundaries of the target, 
electromagnetic scattering from the target for each position of the radar transmitter are estimated.  The 
scattered field calculated at the position of transmitter gives the reflected radio wave signal and the 
scattered signal at positions other than the transmitter location given transmitted (bi-static).  The 
reflected radio signal (mono-static) and transmitted radio signal for each position of the transmitter in 
the observing orbit are then calculated to generate simulated radar data. 
Inverse Model: 
An interior image of a target and its shape/size can be estimated from the reflected and transmitted 
radio wave signal through the target using appropriate robust algorithms.  The reflected/transmitted 
radio signal data can be obtained through measurements or computer simulation. However, to estimate 
the system performance before its design, simulated data is preferred.  This section describes steps 
involved in estimating target’s image by appropriately processing the simulated data [1,3].  If   1Mxc is 
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the observed matrix, MxNS][  is the scattering matrix of target, and 1][ Nx is the electrical parameter of 
interior constituents, then the inverse problem is aimed at finding solution to (1)   
                                                                                Sc                                                                          (1) 
Usually, the number measurements M  is much smaller than number of unknowns N . Hence, the exact 
solution to (1) does not exist.    An approximate solution of (1) is attempted, sometime, by using 
transpose of MxNS][  instead of its inverse as:         cS
T
 (Linear Back-Projection, LBP).  However, the 
reconstructed image using LBP method is generally blurred.  To improve upon the LBP method, it is, 
sometime, proposed to use iterative Linear Back Projection by using following iterative scheme.   
 ]]][[[][][][ ___ iterationlast
T
iterationlastiterationnext ScS                                                                  (2) 
Since direct inversion of scattering matrix is impossible, sometime, pseudo inverse  
11 ]]][.[[][][   TT SSSS    is used to reconstruct the image.   However, solving for direct inverse of 
1]]][[[ TSS  is still an ill-posed problem.   A regularization parameter   is introduced as shown 
11 }][]][.[[][][   ISSSS TT      to overcome this problem.   
In this presentation we will present a new and novel approach called Iterative Nonlinear Tikhonov 
Algorithm with Constraints (INTAC) to estimate sharp images from very limited number of 
measurements.    A brief description of INTAC is given below. 
The problem defined by equation (1) can be written in a differential form as 
                                                                         Sc                                                                            (3) 
Where  c  and   denotes small changes in the measured values due to small changes in the 
constituent parameters of the target, and  S  represent the sensitivity scattering matrix.  Starting from 
an initial estimation of the unknowns, the proposed nonlinear process consists of the following steps. 
(1) Input the current estimate of image i][  into the forward scattering model and obtain a 
simulated response and corresponding  iS  
(2) Estimate the image correction using  
                )][].([]][[].[]][[][ 11 imeasured
iiii ccScS                                    (4) 
(3) Correct the image iii ][][][ 1     
The iteration can be terminated when some predefined conditions are met i.e  c  or    reaches 
some small threshold. 
 
III. Numerical Example 
 In this section a simple numerical example is illustrated to demonstrate effectiveness of the proposed 
INTAC reconstruction algorithm..   
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In this example we consider low frequency radar that can see through the concrete walls of a building.  
Figure 3 illustrate observation scenario.   
                                         
     Figure 3:  Low frequency radar observing a target behind a concrete wall   
It is assumed that radar operates over frequency band of 110-119 MHz bandwidth. It is also assumed 
that the transmitter position is fixed and the receiver records bi-static scattered signal as it slides across 
the wall.  Using the forward FEM model we generate simulated bi-static scattered data as a function of 
frequency.  
The bi-static scattered data is processed through 2 methods: (1) SAR Processing (2) INTAC Processing.  
The results obtained using the conventional SAR processing is shown in Figure 4.  The results obtained 
using INTAC is shown in Figure 5. 
                                 
                                              Figure 4: Radio image of structure shown in Figure 3 using SAR Processing 
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                            Figure 5: Radio Image of structure shown in Figure 3 using INTAC Process 
 
IV.  Conclusions  
        Numerical models to generate synthetic radar data has been successfully implemented using FEM-      
  BEM method. Using forward scattering model, a superior inverse model known as INTAC has been 
developed and validated using  synthetic radar data.  INTAC incorporates a priori knowledge to eliminate 
uncertainties and require fast forward model for real-time application 
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Summary:  We describe a Mars in-situ lumines-
cence instrument for geochronology,  mineral identifi-
cation, and radiation measurements. The instrument is 
intended to be mounted on a robotic arm of a static 
lander or rover. It is suitable for detailed in-situ inves-
tigation as well as pre-screening of samples for sample 
return missions. 
The instrument will combine the three most power-
ful luminescence techniques: optically stimulated lu-
minescence (OSL), thermoluminescence (TL) and 
cathodoluminescence (CL). A prototype instrument for 
OSL and TL measurements has been developed with 
NASA PIDDP funds. In this concept we add CL capa-
bility, which will allow detailed mineral analysis on a 
microscopic level. 
The instrument addresses several goals formulated 
by MEPAG [1], MEPAG E2E-iSAG [2], and P-SAG 
[3]: 
1. B2 [2], Goals II-B2 and B3 [1]: geochronology of 
aeolian, periglacial, and fluvial deposits to under-
stand Mars recent climate history and surface pro-
cesses. 
2. Goal III-A6 [1]: mineral analysis of outcrops, rocks 
and soils to analyze the local geology. 
3. SKG B3-4 [3], Goal IV-A-2B [1]:  measurement of 
radiation on the surface of Mars in preparation for 
human exploration.  
 
Introduction: Mars is the most Earth-like planet of 
the solar system and the planet most likely to have 
hosted life. Scientific exploration of Mars including 
the search for life, returning samples to Earth, and 
establishing human presence on the planet are there-
fore important goals of planetary exploration. Various 
MEPAG Analysis Groups have formulated aims and 
steps that need to be taken to reach this goal [1-3]. 
Objectives include among others geochronology, min-
eral analysis, and measurement of the radiation envi-
ronment on the Martian surface. 
(1) Geochronology. Objectives B2 in [2]  and II-B2 
and II-B3 in [1] emphasize the need for absolute ages 
if we want to understand the processes and history of 
climate on Mars. The Martian surface exhibits abun-
dant evidence of having undergone a complex geologic 
and climatic evolution. Aeolian, fluvial, periglacial, 
and hydrothermal processes appear to have remained 
active to the present day [4-9], and evidence even 
points to active global climate change [10]. The Mar-
tian climate is still in a highly dynamic state [11]. The 
upper units of the northern Layered Terrains show ~30 
m periodicity, possibly associated with a 50,000 year 
obliquity cycle [12,13]. Simulations by Milkovich et 
al.[14] predict that the upper 300 m of the North Polar 
Layered Deposits accumulated in the last 500 ka. Re-
cent work has identified landscapes that are consistent 
with young periglacial activity and possibly a product 
of obliquity-driven temperature rises [15-22]. Obtain-
ing absolute ages for these deposits could confirm the 
connection and aid efforts to understand the geologic 
processes that shaped the surface of Mars. Bourke et 
al. [23] found that the majority of dunes on Mars are 
immobile at the present time, but that there was a peri-
od of time in the not-too-distant past when they were 
active, possibly triggered by climate changes due to the 
obliquity/insolation variations in the last 100 ka. Sev-
eral dune areas are devoid of impact craters and, more-
over, there have been reports of recent landscape modi-
fications over the last few years [24, 25]. Dating these 
aeolian deposits could provide statistically based age 
distributions for the Martian surface. 
(2) Mineral analysis. Goal III-A6 [1] formulates the 
need for micron to mm-scale analysis of the mineralo-
gy of surface deposits to determine the evolution of the 
Martian surface and to characterize atmosphere-surface 
interactions. To this end it is necessary to  measure the 
spatial distribution, at sub-millimeter scale, of the 
signatures of key minerals in outcrops, rocks, and soils. 
Key minerals include igneous rock-forming minerals, 
as well as minerals indicative of past persistent liquid 
water including carbonates, phyllosilicates, sulfates, 
and silica. It is also highly desired to detect occurrenc-
es of minerals of interest to 0.1 mm in size and miner-
alogical differences within these minerals groups [26]. 
(3) Radiation measurements. A major concern in 
the preparation for human exploration of Mars is the 
radiation environment. The lack of a magnetic field 
and the thin atmosphere on Mars lead to insufficient 
shielding of cosmic rays and solar energetic particles. 
SKG B3-4 [3] and Goal IV-A-2B [1] describe the need 
for a detailed knowledge of the ionizing radiation envi-
ronment at the Martian surface. Data obtained with 
radiation transport codes must be validated with accu-
rate measurements of the radiation field, including 
energy and particle spectra of charged particles. 
[2] and [26] suggest a suite of instruments to be 
mounted on the arm of a static lander or rover, capable 
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of mineralogical detection, preferably with sub-mm 
detection. These instruments would be critical for 
providing detailed information sufficient to decide 
where to sample and contribute to decision-making 
about sample return.  
We discuss an in-situ instrument which combines 
the three most powerful luminescence techniques - 
optically stimulated luminescence (OSL), thermolumi-
nescence (TL) and cathodoluminescence (CL). This 
instrument will allow in-situ dating of Martian regolith 
deposited during the last ~ 1Ma. It will also allow 
identification of  key minerals such as feldspars, mag-
nesite or jarosite. And it will allow measurement of the 
radiation dose on the surface of Mars. A robotic lumi-
nescence instrument is therefore a useful tool for pre-
screening of samples for sample-return missions and 
for in-situ investigations of regolith.  
Luminescence techniques: In the applications 
considered here, luminescence is the light emitted by 
mineral samples under stimulation with light, heat, or 
an electron beam. We suggest combining OSL, TL, 
and CL to determine the depositional age of the Mar-
tian surface regolith, to characterize the mineral com-
position, and to measure the radiation dose on the 
surface of Mars. In the following we explain basic 
principles and applications of the methods.  
 
Figure 1 - Concept of luminescence dating. Expo-
sure to sunlight zeroes the OSL “clock” during 
transport of the sediment (via air or water). Upon 
deposition (burial) the material is hidden from 
further sunlight exposure and the trapped electron 
population builds up. 
 
Optically Stimulated Luminescence (OSL). OSL is 
a method for radiation dosimetry and can also be used 
to determine the age of mineral deposits. OSL works 
on the principle that radiation from naturally occurring 
radioactive nuclides as well as cosmic radiation and 
solar particle events ionizes atoms within mineral 
grains. A fraction of these freed electrons becomes 
trapped at crystal defects within the mineral leading to 
the build-up of a trapped charge population. The num-
ber of trapped charges is directly correlated to the 
absorbed radiation dose over time, which forms the 
basis of the OSL “clock” for dating purposes (Figure 
1). Exposure to heat or sunlight releases (“bleaches”) 
the electrons from the traps and “zeroes”, the lumines-
cence clock. Further irradiation after the zeroing event 
causes new accumulation of trapped electrons until 
sample collection. 
In the laboratory the electrons are released from the 
traps by light exposure whereafter they recombine with 
charges of the opposite sign. In this process OSL is 
emitted, the intensity of which is a direct measure for 
the number of trapped charges and thus the radiation 
dose absorbed since the last zeroing event. During 
measurement the sample is stimulated with light of one 
wavelength (e.g., blue or infrared), simulating sunlight 
exposure in nature, and the OSL emitted from the 
sample (“natural signal”) is monitored at another 
wavelength (e.g., UV). The "equivalent dose" (De, 
unit: Gray; 1Gy = 1J/kg) is determined by comparing 
the natural luminescence signal with the signals ob-
tained after intentionally administering a succession of 
known radiation exposures. 
The length of time that the samples have been ex-
posed to radiation since the last zeroing event, i.e. the 
“age,” can be calculated if one knows the rate of natu-
ral irradiation, the "dose rate" (in Gy/a). The burial age 
of the sample is derived from: Age = Equivalent 
Dose/Dose Rate. The lower dose or age limit is deter-
mined by the lower detection limit of the OSL signal. 
For high doses, the signal ceases to increase with in-
creasing dose (i.e. the electron traps are saturated) 
which means that an upper measurable dose exists. A 
detailed description of the technique and its applica-
tions can be found in recent books [27, 28]. 
Highly sensitive OSL dosimeters such as Al2O3:C 
allow measurement of doses in the range from μGy to 
Gy and have been applied for measurements of particle 
radiation doses in medical and space applications [28]. 
Exposing Al2O3:C dosimeters on the surface, or at 
prescribed depths, and subsequently reading the signals 
using OSL will reveal the natural exposure on the 
surface and give indication of the shielding provided 
by the Martian surface.  
Thermoluminescence (TL). TL works on the same 
premise as OSL and is used for dosimetric and dating 
applications. Instead of exposing the sample to light, 
with TL the sample is heated and the trapped electrons 
are released when the appropriate temperature is 
reached. While the OSL signal consists in most cases 
of a signal decreasing (exponentially) with time, the 
TL curve is comprised of one or multiple peaks, emit-
ted at temperatures and wavelengths characteristic for 
the mineral under investigation [29]. The method is 
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Cathodoluminescence (CL). During CL measure-
ments an electron beam incident on the mineral leads 
to the transfer of electrons from the valence band to the 
conduction band [30]. On de-excitation, most electrons 
return to the valence band but some of them recombine 
in a crystalline defect before losing all their excess 
energy. The wavelength and intensity of the CL emit-
ted during this process depends on the crystal and 
defect structure of the mineral. Thus CL spectra can be 
used for mineral identification of regolith and rock 
samples and also allow detection of mineral differ-
ences within a mineral group. 
Instrumentation: The instrument is intended to be 
mounted on a rover with particulate samples intro-
duced via a robotic arm.  A useful sub-set of measure-
ments may also be performed on regolith or rock sam-
ples obtained with a coring tool. Measurements require 
light sources and a heater for sample stimulation, a 
photodetector for sensing the luminescence signal, and 
radiation sources  to calibrate samples. The instrument 
will also be equipped with Al2O3:C dosimeters for 
dose measurements. 
Coring tool. Honeybee Robotics have provided 
drilling equipment to previous NASA mars missions 
and are involved in the development of both a regolith 
sampler / processor and a core drill [31]. The drill bits 
fully enclose the samples and provide the necessary 
light protection. At the same time it is also possible to 
gain access to the samples by rotating an inner tube. 
Regolith bits contain screen with slots of different 
diameter to enable measurements on the samples with-
out disturbing the material. The intact cores will not be 
heated during the testing. 
 Stimulation. OSL measurement procedures require 
sources for IR and / or blue stimulation. ODIN, a pro-
totype OSL reader developed with PIDDP funding [32] 
used LEDs in combination with broadband interfer-
ence filters to narrow the bandwidth of the stimulation 
light and to prevent an overlap with the detection band. 
The system also uses a conductive heater for heating of 
the samples and TL measurements, which can be re-
placed with a more efficient radiative heater in a future 
design. 
Detection. ODIN uses a photomultiplier with UV 
filter for detection of the OSL signal. Mineral charac-
terization requires detection of emission spectra. A 
miniature spectrograph, sensitive in the UV to NIR 
region, would record the spectra. Spatial recognition of 
different minerals would be achieved by scanning a 
collimated, narrow electron beam across the sample. 
Radiation Sources. A concept for an in-situ CL in-
strument for Mars has been discussed by Thomas et al. 
[33]. For ease of operation the sample is kept at atmos-
pheric pressure, while an electron beam is generated in 
vacuum by a cold-cathode source. The two chambers 
are separated by an electron-transparent thin Si3N4 
membrane which is impervious to CO2. The membrane 
induces a slight diffusion of the electron beam and 
slightly reduces the beam intensity and energy. The 
electron source will also provide the necessary radia-
tion dose to calibrate the OSL signal for age dating of 
the samples. 
Measurement procedure. A measurement sequence 
for simultaneous dating and mineral characterization 
consists of the following steps: (1) Obtain sample with 
drill or sub-surface scoop in darkness. (2) Measure 
OSL or TL. (3) Irradiate with electron beam and detect 
CL signal. (4) Repeat step 2. The measurement is per-
formed with only a small fraction of the drill core to 
allow pre-screening of samples for sample-return mis-
sions. If the core is measured intact the testing is non-
destructive in nature preserving the integrety of the 
core for return to earth. 
Addressing Mars exploration goals: The de-
scribed instrument addresses the objectives described 
above, by offering capability for geochronology, min-
eral analysis, and radiation measurement. 
(1) Geochronology. Establishing an accurate chro-
nology is critical to addressing many of the outstand-
ing questions regarding the climate of Mars. For terres-
trial aeolian, periglacial, and fluvial deposits, OSL is 
an established dating technique and routine age deter-
minations within 5% are routinely possible. The tech-
nique is also suitable for in-situ dating of Martian 
regolith [34-38]. DeWitt and McKeever [32] estimate 
an accessible age range of up to 1 Ma. OSL is there-
fore particularly suited for younger samples. It is an 
ideal method to monitor obliquity changes and land-
scape modification by aeolian processes.  
(2) Mineral analysis. CL is a method widely used 
for mineral analysis of rock and sediment samples in 
terrestrial applications, as evidenced by a recent review 
book [39] and has been suggested for in situ applica-
tion on Mars [33, 39]. It is capable of sub-mm resolu-
tion and is also sensitive to mineralogical differences. 
Huot et al. [29] investigated CL spectra of various 
minerals expected on the surface of Mars. They report 
that plagioclase feldspars, phyllosilicates, carbonates, 
sulfates and silicates can be distinguished by their 
emission spectra and also reported the emission spectra 
for jarosite, a mineral indicative of the past presence of 
water. 
(3) Radiation measurements. SKG B3-4 [3], Goal 
IV-A-2B [1] explicitely state the need for surface 
measurements of the cosmic ray and neutron fields to 
validate radiation transport codes. Al2O3:C cannot 
directly act as cosmic ray spectrometer. But the dosim-
eters have been used in space and medical applications 
to determine the dose absorbed from charged particles 
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[28]. The dosimeters are suitable for  measurement of 
doses in the μGy range [40] and they are available in a 
neutron sensitive version [41]. It has also been shown 
that the shape of the OSL curve depends on energy and 
Z of the particles, so that additional information can be 
extracted from careful analysis of the OSL curve shape 
[28]. Equipping the instrument with a variety of do-
simeters for daily OSL measurement provides infor-
mation on temporal changes of the dose rate e.g. due to 
solar particle events. 
Summary: Luminescence techniques – namely 
OSL, TL, and CL – are versatile and can be applied for 
dating buried sediments and for identifying minerals. 
They are simple tools that could be used to screen 
samples for a sample-return mission and are a useful 
feature to implement in a robotic mission. 
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Introduction: The Alpha Particle X-ray Spectro-
meter (APXS) [1] is the Canadian payload contribution 
to the Mars Science Laboratory (MSL) mission, set to 
land at Gale crater (4°36′0″S 137°12′0″E) on August 6, 
2012. Like its predecessors on Pathfinder and the Mars 
Exploration Rovers (MER) [2], the APXS will analyze 
the bulk chemistry of Martian materials. This is ac-
complished by employing 244Cm sources and an x-ray 
detector, both housed within its sensor head (shown 
below), to provide x-ray excitation spectra from inci-
dent x-rays and alpha particles. The sensor ultimately 
provides the abundance of the elements Na through Sr 
within a 15 mm field of view on the Martian surface. 
 
 
Figure 1: MSL APXS flight instrument. The sensor 
head (left), mounted on the MSL robotic arm; the elec-
tronics box (back right), located inside the rover, con-
tains  a microcontroller to process the analogue signals 
and to command the instrument; the basaltic calibration 
target (center). 
 
Development of APXS:  The APXS was devel-
oped by the Canadian Space Agency, with MacDonald 
Dettwiler & Associates as the prime contractor. The 
scientific design and technical support during the de-
velopment was provided by the University of Guelph. 
Several improvements have been made to the 
APXS sensor from previous versions, including: 
• The usage of a Peltier-cooled detector to increase 
the operational upper temperature limit from -40o 
C to ~ -5o C, and thus allowing Martian daytime 
operation. 
• A shorter sample-detector distance for higher sen-
sitivity, thus decreasing the data acquisition times 
to 3 hours from 9. 
• An on-board basaltic rock slab for calibration. 
• Extended energy range from 0.7 to 25 keV.  
• Addition of standard XRF 244Cm sources to in-
crease sensitivity for high z elements. 
An illustration of the new APXS sensor head is 




Figure 2: Sketch of the new APXS sensor head ge-
ometry. The opening of the JPL provided contact sen-
sor plate is wide enough to measure either in contact or 
with a standoff. 
 
Calibration:  The methodology employed in cali-
bration of the APXS sensor is nearly identical to that 
done for MER [e.g. 3,4,5]. About 100 geological refer-
ence powders, chemical compounds and mineral spec-
imen were selected for calibration of the APXS sensor.  
Using spectral fitting routines, the elemental signal 
is calibrated with the certified abundance of all the 
detectable elements. The signal response for each ele-
ment is a smooth function of the x-ray energy, as illus-
trated in Figure 3, determined by the instrument prop-
erties and the Physics of the x-ray excitation processes 
in the sample. 
The calibration provided a reliable cross calibration 
with other MSL lab instrument and MER instruments 
currently in use on Mars. A comparison of the perfor-
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mance of the MSL and MER version of the sensor is 




Figure 3: Signal sensitivity as a function of element 
for the APXS using both Particle Induced X-Ray Emis-
sion (PIXE) and X-Ray Fluorescence (XRF) excitation. 
 
 
Figure 4: Comparison of fluorescence signal response 
employing the MER (red) and MSL (black) versions of 
APXS for the same integration time. 
 
As described in [6,7] the instrument calibration was 
ultimately extended to create a database of expected 
Martian compositions, this included certified geostand-
ards of igneous, sedimentary and mineral samples. 
Bulk sample effects, such as density, have also been 
investigated, as have surface and crystallographic ef-
fects such as sample homogeneity, grain size, crystal 
orientation and the effects of sample surface coating. 
Finally, Campbell et al describe a novel method for 
estimating light element content within Martian sam-
ples using the elastic and inelastic scatter peaks at high 
energies in the APXS spectrum [8]. The extended en-
ergy range, as well as the additional signal from the 
244Cm XRF sources greatly enhances the sensitivity to 
detect excess light elements, like bound H2O or Car-
bonates.  
Results: After landing beginning in August the 
MSL rover will undergo a series of rover and instru-
ment checkouts, before starting to explore the landing 
site. At the time of this writing it is expected that the 
APXS checkout results and first preliminary findings at 
Gale crater will be presented. 
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Introduction:  In recent years, MDA, in collabora-
tion with other Canadian companies, has been building 
a series of science instruments for planetary explora-
tion. These range from sensors for navigation and 
workspace characterization, to chemical and elemental 
analysis of the surface, to subsurface and atmospheric 
investigations – thus complementing each other for 
maximum science return.  
For each sensor described herein, a critical part of 
the development process was the early involvement of 
the science community, typically led by a principal 
investigator (PI). Such involvement leverages the tech-
nical knowledge of the various investigators, and thus 
maximizes the scientific returns.  
These instruments are currently at various levels of 
maturity, ranging from flight heritage (APXS, Phoenix) 
to prototype (TEMMI, CFSL) to detailed design 
(RSIC, LGPR). 
Compact Fast Scanning Lidar (CFSL):  The 
CFSL is a compact lidar-based sensor providing range 
data between 1 – 120 m at high frame update rates of 
up to 10 Hz. Its innovative design is based on a poly-
gon/galvo scanner combination coupled with a com-
pact fiber laser and high-speed timing electronics 
(Figure 1).  
 
Figure 1:  CFSL sensor head. 
 
Figure 2:  Example of 3D outdoor scan obtained by 
CFSL. 
The benefits of this design are a clearly understood 
‘path-to-flight’, low power consumption and user se-
lectable scan settings that can be configured to fit vari-
ous operational modes. While designed and build for 
use as a navigation sensor for small and medium sized 
rovers, the dual use as a science instrument for work-
space mapping and investigation was always a priority. 
Range accuracy of 2 cm and angular accuracy of 1.3 
mrad allow detailed 3D mapping of the area of interest 
(Figure 2) while range-corrected intensity maps and 
fusion of camera data with the lidar maps support the 
selection of science targets within the workspace. 
Raman Sensor for the Identification of Carbon 
(RSIC):  Chemical analysis of a target area, in particu-
lar the detection and identification of carbonaceous 
compounds, is essential for understanding prebiotic 
chemistry, habitability and life on Mars. A prototype 
for a compact Raman sensor has been designed for the 
detection of carbon at stand-off distances of 2 to 10 m 
(Figure 3). A laser excitation wavelength of 266 nm 
together with gated intensified detection will minimize 
the fluorescence background and enhance the Raman 
signal. The sensor head enclosure, consisting of a 10 
cm diameter Cassegrain telescope with motorized focus 
adjustment and a laser head and a laser range-finder, 
will be mounted on a pan-and-tilt unit (PTU) for point-
ing to the selected target. The collected Raman signal 
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Figure 3: RSIC sensor head mounted on PTU on top of 
avionics box. 
 
Alpha Particle X-ray Sensor (APXS): APXS is a 
contact instrument that uses X-ray spectroscopy to de-
termine the elemental composition of soils and rocks. It 
is thus complementary to the Raman sensor which is 
sensitive to molecular composition. For details about 
the APXS on the MSL mission see [1]. 
Three-Dimensional Exploration Multispectral 
Microscopic Imager (TEMMI):  High resolution 
imagery from regional to microscopic scale is of ut-
most importance in the fields of geology and astrobiol-
ogy. While CFSL covers the range from 1 – 100 m, 
TEMMI covers the microscopic scale by providing not 
only color images with optical resolution of less than 5 
µm, but also 3D topographical maps of the sample area 
with the same resolution. For details about the proto-
type testing of TEMMI see [2]. 
Lunar Ground Penetrating Radar (LGPR):  A 
ground penetrating radar system is ideal for acquisition 
and interpretation of sub-surface geological infor-
mation, shedding light on the processes forming the 
surface and subsurface as well as supporting in-situ 
resource prospecting and utilization and infrastructure 
development. As illustrated in Figure 4, the unit is 
mounted on the back of a rover on a two-joint robotic 
arm, the GPR unit can be deployed and operated at 
different heights above ground and stowed closely to 
the back of the rover when not in use. A center fre-
quency of 250 MHz provides the best compromise for 
resolution and depth.  
Phoenix Meteorological Suite (MET):  The MET 
sensor suite, built by MDA for the Mars Phoenix Mis-
sion, included sensors for local temperature and pres-
sure measurements [3] as well as a lidar system [4] for 
measurements of atmospheric profiles (Figure 5). The 
lidar system (for details see [4]) was the first example 
of a laser operating on the surface of another planet, 
and revealed details about the Martian water cycle by 
providing direct evidence for snow falling to the sur-
face. Typically the Phoenix lidar was operated three 
times per day, with total durations of between 15 – 90 
min, for a total of~140 hours of operation. The pres-
sure and temperature sensors collected data continu-
ously over the ~150 Martian day mission. 
 
Figure 4: LGPR in the deployed configuration. In the 
stowed configuration the antenna assembly (green) 
folds against the mounting plate at the back of the rov-
er (not shown).   
 
 
Figure 5: Phoenix Mars Lidar System 
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Introduction:  The study of the Martian subsur-
face is the main goal of the future Mars rovers explo-
rations. The investigation of subsurface unaltered by 
weathering processes, in particular oxidation and ero-
sion, will provide a direct indication of the geological 
evolution of the soil material.  The understanding of 
the composition of Martian subsoil will identify re-
cords of seasonal weathering and signs of present and 
past environmental conditions, associated to the possi-
bility for life (water, volatiles and  weathering process) 
[1]. Martian surface can be dominated by weathering 
alteration processes: during the future rover explora-
tions it is necessary to study the mineralogy of deeper 
layers, where a more limited alteration took place.  
For the first time in Mars exploration, the ExoMars 
Rover Mission will investigate the water and geo-
chemical environment as function of depth in the shal-
low subsurface. The ExoMars Rover will be equipped 
with a Drilling system for the exploration of the Mars 
subsurface down to 2 m depth. The Drill will perform 
boreholes in Mars soil and will extract from the sub-
surface samples that will be transferred to the in-situ 
analysis Pasteur laboratory installed on the Rover. An 
important feature of the Drill is the coupling of the 
drill tip with a micro-imaging spectrometer observing 
the lateral wall of the borehole made during the soil 
perforation. 
Instrument setup:  Ma_Miss (Mars Multispectral 
Imager for Subsurface Studies) is the spectrometer 
fully integrated with the Drill, sharing its structure 
and electronics, so that it is perfectly suited to perform 
multispectral imaging of the drilled layers [2]. 
Ma_Miss is a miniaturized near-infrared imaging 
spectrometer in the range 0.4-2.2 µm with 20nm spec-
tral sampling. The spectrometer illumination system, 
consisting of a lamp source and a bundle of optical 
fibers, is contained inside the Drill tip and illuminates 
the borehole wall through an optical head and a sap-
phire window. Hardness of sapphire is the closest to 
diamond one, thus avoiding the risk of scratches on its 
surface. The optical head has the double task of illu-
minating the borehole with a spot around 1 mm di-
ameter and collecting the scattered light coming from 
a 0.1 mm diameter spot of the target. The Illumination 
and Collection Relays of the Optical Head (depicted in 
Figure 1) are interfaced with the illumination bundle 
and the single fiberoptic signal link, respectively.  
 
 
Figure 1: miniaturized optical head with the illumination 
and collection relays depicted. Credit: SELEX Galileo 
 
The Spectrometer, VIS/NIR detector and Prox-
imity Electronics are integrated in a box placed on the 
external wall of Drill Box. The signal from the Opti-
cal Head to the spectrometer is transferred by means 
of various optical fibers installed in the different ele-
ments of the Drill tool and of an optical rotary joint 
implemented in the roto-translation group of the Drill. 
Observation method:  Ma_Miss provides high 
flexibility in the acquisition of borehole wall spectra 
exploiting the translational and rotational agility of 
the Drill tool. The spectrometer observes a single 
point target of the borehole wall surface. Depending 
on the observation strategy, the drill tip could perform 
a vertical translation or a 360 degrees rotation. In the 
first case, the spectrometer will acquire  a "Column 
Image"; in the second case a "Ring Image" will be 
carried out (Figure 2). The acquisition of adjacent 
Rings will permit to reconstruct a complete image of 
the borehole wall. Given the high flexibility in the 
Ma_Miss operations, a large variety of acquisition 







Figure 2: Representation of a "Column Image" 
(red spots) acquired during a vertical translation of the 
Drill Tip. The "Ring Image" (green spots) obtained by 
a 360 degrees rotation of the Drill Tip. Credit: S. G. 
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Preliminary test:  The Optical Head of Ma_Miss 
has been tested after integration in ExoMars Drill. 
The drilling experiment has been carried out in realis-
tic media (tuff, red brick). The test shows good per-
formance of Optical Head illumination capability and 
of the window cleanliness during the drilling. Illumi-
nation spot is focused at the nominal distance of 0.2 
mm from the sapphire window. The light beam com-
ing out from the drill window is shown in Figure 3. 
 
  
Figure 3: Two different moments of the Ma_Miss Op-
tical Head tests during the drilling. Left: The light 
beam comes out from the sapphire window on the 
Drill wall. Right: No evidence of dust on the  window 
during the drilling  Credit: SELEX Galileo 
 
The VIS/NIR reflectance spectra of different tar-
gets have beeen carried out with a laboratory spec-
trometer, with the aim to build a spectral library for 




Figure 4: Reflectance spectra of red mictric lime-
stone (top) (powder sieved in different grain sizes and 
slab) and San Bartolo lava (bottom) (powder grain 
size smaller than 100 micron and two different slabs). 
In bold the Relab library are depicted for limestone 
(black, top graph), basalt (red, bottom graph) and an-
desite (black, bottom graph). Credit: INAF- IAPS 
 
In Figure 4 the reflectance spectra of a Red Mic-
ritic Limestone and of San Bartolo Lava (Aeolian Is-
land Stromboli) in different powder grain sizes and 
slab have been depicted. The spectra of the Relab li-
braries for limestone, basalt and andesite are shown in 
the figure with bold lines. The characteristic features 
of the limestone at 1.4, 1.9 and 2.3 micron are evident 
in all Red Micritic Limestone spectra.  The character-
istic features of the basalt and andesite at 1.0, and 
1.85 micron are evident in all San Bartolo lava spec-
tra. 
Ma_Miss Optical Head has been tested in the 
breadboard to capture the diffused light from the ob-
served target and transfer the signal to a laboratory 
spectrometer for analysis. Reflectance spectra acquisi-
tions of representative minerals (Gypsum and Olivine) 
have been performed and reported in Figure 5.   
 
Figure 5 Example of prototype Ma-Miss instrument 
response signal taken in Olivine (volcanic rock) (grey) 
and Gypsum (green). Credit: INAF-IAPS  
 
Conclusions:  During the ExoMars Rover mission, 
the Ma_Miss experiment will allow collecting valu-
able data of the drilled stratigraphic column, it will 
document “in-situ” the nature of the samples and it 
will be able to identify hydrated minerals, sedimentary 
materials and different kind of diagnostic materials of 
Martian subsurface. For the first time in Mars explo-
ration, the water and geochemical environment will be 
investigated as function of depth in the shallow sub-
surface. 
References: [1] Coradini, A., et al. (2001): 
MA_MISS: Mars multispectral imager for subsurface 
studies, Advances in Space Research, Volume 28, 
Issue 8, 1203-1208, 10.1016/S0273-1177(01)00283-6. 
[2] Preti G., et al. (2011) “Spectrometers and im-
aging cameras for planetary remote sensing”, IAC- 
11.A3.5.7, 2011 
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Introduction:  Ball Aerospace has developed mul-
tiple flash lidar technologies which can benefit planeta-
ry exploration missions. This paper describes these 
developments, culminating in a successful flight dem-
onstration on STS-134. 
Flash lidar systems are particularly effective when 
rapid ranging and imaging of an entire scene is re-
quired. Applications include entry, descent and land-
ing, rendezvous and docking with a small body and 
mobile operations on the surface of a planetary body. 
Flash lidar systems can also provide high quality topo-
graphic mapping with no moving parts, and offer simp-
ler production of higher level data sets with frames or 
swaths of pixels that are conveniently correlated in 
space and time.  
Flash Lidar vs. Scanning Lidar: Fixed beam and 
scanning lidar systems have been used successfully on 
multiple flight missions, providing range data and to-
pographic mapping of planetary bodies. These systems 
provide a range to a target by transmitting a focused 
laser beam on a target and measuring the time it takes 
to receive a return signal. By rastering or scanning the 
laser spot over a region of the target surface, or using 
the relative orbital motion of the spacecraft with re-
spect to the body, range data can be assembled as a 
function of location, creating a topographic map of the 
target body.  
While scanning lidar systems are very effective for 
scenes which are relatively static over time, they do not 
do as well in dynamic situations where rapid ranging 
and imaging of an entire scene is required. Planetary 
applications where this might be needed are during 
entry, descent and landing, rendezvous and docking 
with a small body or mobile operations on a planetary 
body surface. These cases can all be helped by em-
ploying a high data rate flash lidar system to provide 
real time altitude and slopes, target range, range rate 
and bearing, surface terrain mapping, scene matching 
and hazard detection.  
Flash and scanning lidar systems use the same 
technique to determine range to a target; that is, by 
measuring the time of flight of a laser pulse to the tar-
get and reflected back to a detector. A key difference, 
however is in the illumination and detection approach. 
As illustrated in Figure 1(a), a scanning system meas-
ures range to a given spot on the surface, then points 
the laser to an adjacent location and uses another pulse 
to measure range to the new spot. This process contin-
ues until the entire swath or two-dimensional area of 
interest is measured. With a flash lidar system, the laser 
beam is diverged so that the illuminated spot on the 
surface closely matches the field of view of a two-
dimensional array of detectors (Figure 1(b)). Each 
pixel in the detector array is individually triggered, 
allowing for a measurement of both intensity and time 
of flight of the returned laser pulse. Thus, for a single 
laser pulse, all pixels in the scene are illuminated, with 
each pixel providing range and intensity information. 
This results in generation of a full topographic and 
intensity map of the entire scene with each laser pulse. 
 A clear advantage to a flash system is that it pro-
vides a full scene frame more quickly than a scanning 
system. The frame rate is limited only by how fast the 
laser can be pulsed and how fast the pixels can be read 
out. To increase read rates, a custom read out inte-
grated circuit (ROIC) is matched with the detector ar-
ray, allowing each pixel to be read out independently. 
Individual pixel triggering means that a given pixel 
doesn’t need to wait for any other pixel to acquire a 
signal. This also means that the measured time of flight 
of the laser pulse is allowed vary greatly from one pixel 
to another, which translates into a wide dynamic range 
or the ability to accurately image even very rough sur-
faces.  
Flash lidar systems have other advantages as well. 
Since the entire scene is acquired with one laser pulse, 
the system is inherently less sensitive to target motion. 
Rapid full frame acquisition also makes it easier to 
remove glint and clutter though on-board processing 
algorithms, allowing the system to be less susceptible 
to ambient and stray light. In addition, a flash system 
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has potentially higher reliability and longer life than a 
scanning system since it has no moving parts. A two-
dimensional array with many independently operating 
pixels also provides better detector redundancy than a 
linear, quad or single detector approach used in most 
scanning lidars. Furthermore, since the entire transmis-
sion/detection system is self-contained in a single hous-
ing, there are no alignment concerns for integration and 
operation. Finally, the lack of scanning hardware al-
lows flash lidar systems to be built smaller, lighter and 
more durable. 
Flash Lidar Performance Factors: One potential 
disadvantage of the flash technique is that since the 
laser spot is diverged, the laser energy per unit surface 
area is lower than for a concentrated scanning beam. 
This means that with all other radiometric factors being 
equal (e.g. laser power, optics, detector sensitivity, 
target range, target albedo), the returned amount of 
light per pixel will be lower for a flash system than for 
a pencil beam scanning system. A large optical aper-
ture telescope in front of the detector array is useful for 
gathering more light, but unlike the case of astronomi-
cal observations, a lidar detector is actively illumi-
nated, thus the effective integration time is fixed by the 
laser pulse width. A higher power laser is one way to 
increase the amount of light returned to the detector. 
Another option is to subframe the detector array. A 
variable beam diverger can be used to adjust spot size 
as needed, concentrating more energy into fewer pix-
els, thereby increasing the returned amount of light per 
pixel. 
For conventional CCD imaging, dimmer objects 
can be a problem in that either larger optical apertures 
or longer integration times are needed to generate an 
adequate signal to noise ratio. With a flash lidar sys-
tem, the problem is a bit different, however. While a 
relative pixel to pixel brightness of the object is one 
measured quantity, the primary function is to return 
absolute and relative range data. Measured range accu-
racy and repeatability are not a function of brightness. 
As long as enough laser photons are reflected from the 
target to satisfy a pixel trigger threshold, a signal will 
be detected, the time of flight will be recorded, and a 
range will be generated. 
Uncertainty factors that do contribute to accurate 
range measurements include ground calibration accura-
cy, repeatability, laser jitter, laser rise time jitter, digi-
tization, mounting accuracy and thermal and structural 
distortions. Overall uncertainty in range measurements 
are dominated by ground calibration accuracy and 
measurement repeatability. The range repeatability, 
laser jitter and laser rise time jitter all contribute to 
overall range repeatability, thus they are often consi-
dered together as a single term. Mounting error is dri-
ven by design and manufacture tolerances and can be 
reduced to the level where they do not significantly 
contribute to the range uncertainty. Similarly, digitiza-
tion, which is a fixed value determined by processing 
constraints, and thermal and structural distortions, also 
come directly from design and manufacturing, and are 
usually small compared to other error terms. 
Calibration accuracy is accomplished in the labora-
tory by tuning the lidar detector gain over the function-
al measurement ranges to match truth data. Actual 
ranges in the laboratory are determined within a 1 mm 
accuracy using a calibrated laser range finder. Flight 
operation range accuracy of the lidar vs. laboratory 
performance is a function of the laser and detector 
electronics stability, which varies as a function of tem-
perature. This temperature is controlled in a space en-
vironment through passive and active thermal control. 
Range repeatability error may be reduced in flight by 
averaging consecutive frames. As this error is a func-
tion of distance from the target, it is usually advanta-
geous to average more frames as the distance from the 
target increases. The calibrated overall range accuracy 
for the Orion Vision Navigation System (VNS) Flash 




Technology Development and Flight Tests: Ball 
Aerospace has been developing flash lidar systems 
(hardware and algorithms) over the past several years 
with application to various types of space flight mis-
sions. The most recent flight model was designed and 
built for the Orion VNS, and flown aboard the Space 
Shuttle Endeavor (STS-134) as part of the Sensor Test 
for Orion Relative-navigation Risk Mitigation 
(STORRM) mission.  In addition to these flight pro-
duction models, Ball maintains several prototype units 
which are used for field testing, proving of advanced 
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processing algorithms and development of enhanced 
capabilities (Figure 3). These prototype units are used 
frequently and have been demonstrated at several spe-
cialized NASA test facilities and on multiple aircraft 
flight campaigns as well as in Ball Aerospace laborato-
ry and test facilities. 
The following sections summarize the VNS flash 
lidar system and reports preliminary data from the re-
cent STORRM test flight. Low cost, low risk modifica-
tions to the VNS unit are discussed to make it more 
suitable for planetary applications. Results from 
ground, airborne and space flight tests have been used 
to validate hardware performance models and success-
fully demonstrate viability for a variety of planetary 
mission applications. 
VNS Flash Lidar: The primary function of the 
VNS is to provide range and bearing information for 
rendezvous, proximity operations and docking (RPOD) 
of the NASA Constellation Orion space vehicle with 
the ISS. For Orion operations, the VNS is mounted 
inside the capsule and used by astronauts to guide the 
vehicle into space dock. Highly reflective targets on the 
ISS serve as beacons for both the VNS visible and lidar 
cameras. 
Figure 4 shows the major components of the VNS 
lidar system. At the heart of the unit is the laser optics 
module and detector package. The laser is a passively 
Q-switched diode-pumped Nd:YAG with mJ class 
pulsed output. An optical parametric oscillator (OPO) 
is mounted on the output of the laser to convert the 
wavelength to an eye-safe value of 1570 nm. The laser 
was derived from a more powerful one flown on the 
CALIPSO mission, which demonstrated continuous on-
orbit performance of over two billion shots without 
degradation. The detector is a 256x256 array using 
CMOS InGaAs PIN technology coupled with a 
matched ROIC. It is robust against both single event 
upsets and ionizing radiation, and can read-out the en-
tire array at up to 30 Hz. Separate Thermal Electric 
Coolers (TEC) are used to maintain temperature sta-
bility on both the laser and detector. 
The transmit optics consist of two separate diffusers 
which shape the out going laser pulse. The wide angle 
diffuser produces a beam divergence of 20° and the 
narrow diffuser 12°. The laser desired divergence is 
selected with a non-mechanical optical beam switch 
which may be commanded in flight. The receive optics 
assembly has an effective 33 mm aperture and a 20° 
full cone angle field of view which has been optimized 
to match the detector. The receive window incorporates 
a narrow bandpass filter tuned to the laser output fre-
quency to reduce solar reflections and other stray light. 
This also serves to protect the detector in the event the 
lidar is accidentally pointed directly at the Sun. 
The VNS electronics package consists of four 
printed wiring assemblies: Processing and Control 
Electronics (PCE), Focal Plane Electronics (FPE), Low 
Voltage Power Supply (LVPS), and a backplane to 
connect these boards with the Laser Electronics Mod-
ule (LEM). The PCE provides the command and tele-
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 metry interfaces to the spacecraft and coordinates all of 
the VNS functions. The PCE also provides mode man-
agement, laser control, clock generation, bias genera-
tion and sequencing, video data formatting (raw data), 
time tagging, and TEC control. The FPE provides 
power, data, and thermal interfaces to the detector as-
sembly, while the LEM primary functions include di-
ode driver control, TEC control, health and status re-
porting (telemetry), and serial communications with the 
rest of the electronics package. All of the electronics 
are designed to coordinate timing between the detector 
and LEM functions. 
The VNS unit flown on STORRM did not include 
electronics or software for pixel processing. However, 
these additions have been made for a second build of 
the VNS delivered to GSFC in late 2011. For this unit, 
low level pixel processing occurs in a dedicated FPGA 
within the PCE, with higher level processing accom-
plished on a separate radiation tolerant chip. Flight 
software (FSW) consists of a single computer software 
configuration item (CSCI) resident in the PCE. The 
software executes on the dedicated processor chip and 
provides command and telemetry handling, fault pro-
tection, target calculations, and mode and configuration 
management capabilities. The FSW also performs 
maintenance activities such as a built-in test (BIT) and 
memory uploads and downloads. 
Preliminary STORRM Flight Data: The 
STORRM mission, part of STS-134 in May 2011, was 
designed as an RPOD flight test for the Orion VNS 
sensors, using pre-positioned ISS docking targets. Dur-
ing normal approach to the station, the shuttle turned 
on the VNS sensors mounted in the payload bay and 
began recording data from both the passive low light 
level visible camera and the active flash lidar system.  
Both cameras provided exceptional images across 
all rendezvous and docking ranges (Figure 5). Flight 
data indicates that STORRM’s primary objective for 
rendezvous was exceeded, with the VNS lidar acquir-
ing the ISS at a range of 5.6 km, over half a kilometer 
farther away than the 5.0 km requirement. 
STORRM demonstrated a proof of concept ap-
proach for docking with the ISS and elevated TRL of 
the hardware to 7.  The VNS was not, however, used 
with closed loop on-board real-time processing to ac-
tually dock the shuttle.  
VNS for Planetary Applications: While the VNS 
flash lidar was specifically designed as a RPOD sensor 
for Orion, with only minor modifications, it can be an 
invaluable instrument for planetary missions. Applica-
tions include any relative navigation/RPOD operation 
with either cooperative or non-cooperative targets, 
entry, descent and landing on a planet, rendezvous and 
docking with a small body or mobile operations on the 
surface of a planetary body. The main application dif-
ference is that while the ISS retro-reflectors used by 
VNS have reflectivity on the order of 95%, most plane-
tary targets have a much lower albedo of around 3% to 
20%. Thus, while specific performance needs will vary 
with mission requirements, by and large, the signal to 
noise ratio (SNR) of the system must be increased to 
compensate for much darker planetary targets. This 
section describes some low cost, low risk options to 
increase the radiometry of the VNS system for use in 
planetary missions.  
The simplest way to increase the VNS lidar SNR is 
to remove the OPO from the laser output. Since Orion 
applications require human use of the device, the emit-
ted laser light must be eye-safe. The OPO converts the 
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native 1064 nm output of the laser to an eye-safe 
length of 1570 nm. By removing the OPO, a 60% in-
crease in light output is realized. Another easy way to 
increase the amount of light on the target is to change 
the beam divergence. A narrower beam results in more 
light returned per each detector pixel, while a broader 
beam covers more spatial area per laser pulse. These 
parameters may be adjusted to suit mission needs by 
changing the diffuser on the output of the laser. A final 
option is to change the aperture of the receive optics to 
gather more light. This must be balanced, however, 
with the desired field of view and mass and volume 
constraints. All of these options provide low cost very 
low risk passive modifications to increase radiometric 
performance. 
Active approaches may also be taken to improve 
radiometric performance. Lasers in the same family as 
the VNS and CALIPSO lasers are currently undergoing 
space-qualification, and can provide energy outputs of 
up to 100 mJ, more than 100 times the output of the 
VNS laser. The downside of this, of course, is an in-
crease in mass, power and volume of the lidar unit. 
Other potential active modifications that Ball has been 
developing include a variable zoom receive optic and a 
variable diffuser. 
Advanced Real-Time Algorithms: One key ad-
vantage of flash lidar systems is that they perform well 
in dynamic situations where rapid ranging and imaging 
of an entire scene is required. Planetary applications 
where this might be needed are during entry, descent 
and landing, rendezvous and docking with a small body 
or mobile operations on a planetary body surface. To 
be truly useful for these applications, however, image 
frames must be processed in real time to create higher 
order data products such as slopes and digital elevation 
maps, geolocated images and extended stitched scenes, 
and even fully formed 3D draped image maps. 
While flash lidar generates more data at a faster 
rate than a scanning based system, it has an inherent 
processing advantage in that all pixels in the scene are 
automatically correlated in both space and time with 
each laser pulse. This enables parallel or matrix 
processing of the data, which is ideally suited for use 
with embedded and non-embedded software optimized 
for dedicated FPGAs. Thus, instead of taking hours to 
process, higher order data products can be generated in 
a matter of seconds or even milliseconds. These prod-
ucts can be used as inputs to guidance, navigation and 
control (GNC) software as part of the real time GNC 
solution for spacecraft, landers or rovers. 
These flash lidar hardware and data processing al-
gorithms have been tested with several airborne flights 
as well as laboratory demonstrations and at specialized 
NASA facilities [1, 2, 3, 4]. 
Conclusions and Future Work: In addition to the 
technologies mentioned in this paper, Ball Aerospace is 
working on other flash lidar concepts which will bene-
fit planetary missions. Photon counting detectors using 
a photocathode and microchannel plate assembly 
promise to drastically increase radiometric sensitivity 
and frame rate while reducing the potential for false 
detection [5].  Another type of flash lidar which shows 
great promise for planetary applications is Elec-
tronically Steerable Flash Lidar (ESFL), which divides 
laser output into multiple simultaneous laser spots, all 
pulsed in unison. This technique is readily adaptable to 
varying scene conditions, and is described in a parallel 
abstract at this conference [6]. 
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al., “Flash Ladar Flight Testing and Pathway to UAV 
Deployment,” AIAA (2010).  [5] Grund, C.J. and Har-
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Introduction: The discovery of four large moons orbit-
ing around Jupiter by Galileo Galilei four hundred 
years ago spurred the Copernican Revolution and for-
ever changed our view of the Solar System and uni-
verse. Today, Jupiter is seen as the archetype for giant 
planets in our Solar System as well as for the numer-
ous giant planets known to orbit other stars. In many 
respects, and in all their complexities, Jupiter and its 
diverse satellites form a mini-Solar System. By inves-
tigating this system, and thereby unravelling the his-
tory of its evolution, from initial formation of the 
planet to the development of its satellite system, we 
will gain a general understanding of how gas giant 
planets and their satellite systems form and evolve and 
of how our Solar System works. The Jupiter Icy 
Moons Explorer (JUICE) mission recently selected by 
ESA as the first large mission within the Cosmic Vi-
sions 2015-2025 plan, is being developed to address 
such questions and thoroughly explore the Jupiter 
system with focus on the largest satellite, Ganymede. 
 
JUICE science goals: Indeed, the overarching 
theme for JUICE is: The emergence of habitable 
worlds around gas giants. Humankind wonders 
whether the origin of life is unique to the Earth or if it 
occurs elsewhere in our Solar System or beyond. To 
answer this question, even though the mechanisms by 
which life originated on Earth are not yet clearly un-
derstood, one can assume that the necessary conditions 
involve the simultaneous presence of organic com-
pounds, trace elements, water, energy sources and a 
relative stability of the environment over time. JUICE 
will address the question: Are there current habitats 
elsewhere in the Solar System with the necessary con-
ditions (water, biological essential elements, energy 
and stability) to sustain life? The spatial extent and 
evolution of habitable zones within the Solar System 
are critical elements in the development and sustain-
ment of life, as well as in addressing the question of 
whether life developed on Earth alone or whether it 
was developed in other Solar System environments and 
was then imported to Earth. The focus of JUICE is to 
characterise the conditions that may have led to the 
emergence of habitable environments among the 
Jovian icy satellites, with special emphasis on the three 
ocean-bearing worlds, Ganymede, Europa, and Callisto 
(Figure 1). 
Ganymede is identified for detailed investigation 
since it provides a natural laboratory for analysis of the 
nature, evolution and potential habitability of icy 
worlds in general, but also because of the role it plays 
within the system of Galilean satellites, and its unique 
magnetic and plasma interactions with the surrounding 
Jovian environment. For Europa, where two targeted 
flybys are planned, the focus will be on the chemistry 
essential to life, including organic molecules, and on 
understanding the formation of surface features and the 
composition of the non water-ice material, leading to 
the identification and characterisation of candidate 
sites for future in situ exploration. Furthermore, JUICE 
will provide the first subsurface observations of this 
icy moon, including the first determination of the 
minimal thickness of the icy crust over the most re-
cently active regions. 
 
 
Figure 1: The JUICE spacecraft exploring the Jupiter system 
(Artist’s view, Credit: M. Carroll) 
 
JUICE will determine the characteristics of liquid-
water oceans below the icy surfaces of the moons. This 
will lead to an understanding of the possible sources 
and cycling of chemical and thermal energy, allow 
investigation of the evolution and chemical composi-
tion of the surfaces and of the subsurface oceans, and 
enable an evaluation of the processes that have af-
fected the satellites and their environments through 
150 LPI Contribution No. 1683
time. The study of the diversity of the satellite system 
will be enhanced with additional information gathered 
remotely on Io and smaller moons. The mission will 
also focus on characterising the diversity of processes 
in the Jupiter system which may be required in order to 
provide a stable environment at Ganymede, Europa 
and Callisto on geologic time scales, including gravita-
tional coupling between the Galilean satellites and 
their long term tidal influence on the system as a 
whole.  
Focused studies of Jupiter’s atmosphere, and magneto-
sphere and their interaction with the Galilean satellites 
will further enhance our understanding of the evolution 
and dynamics of the Jovian system. The circulation, 
meteorology, chemistry and structure of Jupiter will be 
studied from the cloud tops to the thermosphere. These 
observations will be attained over a sufficiently long 
temporal baseline with broad latitudinal coverage to 
investigate evolving weather systems and the mecha-
nisms of transporting energy, momentum and material 
between the different layers. The focus in Jupiter’s 
magnetosphere will include an investigation of the 
three dimensional properties of the magnetodisc and 
in-depth study of the coupling processes within the 
magnetosphere, ionosphere and thermosphere. Aurora 
and radio emissions and their response to the solar 
wind will be elucidated. 
The entire list of goals and objectives of JUICE are 
summarised in the table below. 
 
JUICE mission scenario. On arrival in the Jupiter 
system following orbit insertion, JUICE will perform a 
tour of the Jupiter system using gravity assists of the 
Galilean satellites to shape its trajectory. This tour will 
include continuous monitoring of Jupiter’s magneto-
sphere and atmosphere, two targeted Europa flybys, a 
Callisto flyby phase reaching Jupiter latitudes of 30°, 
culminating with the dedicated Ganymede orbital 
phase. The current end of mission scenario involves 
spacecraft impact on Ganymede. The spacecraft would 
be an orbital flight system using conventional bi-
propellant propulsion systems. New technologies are 
not required to execute the current mission concept. 
Planned to be launched in 2022, JUICE would use 
chemical propulsion and an Earth-Venus-Earth-Earth 
gravity assist to arrive at Jupiter 8 years later. JUICE’s 
trajectory will remain outside of the inner radiation 
belts at Jupiter and it uses solar arrays for its power 
source.   
 
International co-operation JUICE is an ESA-led mis-
sion arising from the reformulation of the EJSM-
Laplace mission, which was an ESA-NASA project. 
This has been carried out in consultation with the in-
ternational science community and has broad appeal 
and strong support from planetary scientists. In June 
2012, JUICE was selected by ESA to be the first large 
(L1) mission within the Cosmic Vision 2015-2125 plan 
because of its adequation with several of the main 
questions included in the call. It will offer the plane-
tary community an important opportunity to look at the 
formation and evolution of our solar system through 
the exploration of some of the most intriguing objects 
in the Jovian system. Comparative planetology with 
other moons and environments among the giant planets 
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Goals
Characterise the extent of the ocean and its relation to the deeper interior
Characterise the ice shell
Determine global composition, distribution and evolution of surface 
materials
Understand the formation of surface features and search for past and 
present activity
Characterise the local environment and its interaction with the jovian 
magnetosphere
Determine the composition of the non-ice material, especially as related 
to habitability
Look for liquid water under the most active sites
Study the recently active processes
Characterise the outer  shells, including the ocean
Determine the composition of the non-ice material
Study the past activity
Characterise the atmospheric dynamics and circulation
Characterise the atmospheric composition and chemistry
Characterise the atmospheric vertical structure
Characterise the magnetosphere as a fast magnetic rotator
Characterise the magnetosphere as a giant accelerator
Understand the moons as sources and sinks of magnetospheric plasma
Study Io's activity and surface composition
Study the main characteristics of rings and small satellites 
Science objectives
Characterise Ganymede 
as a planetary object and 
possible habitat
Study Callisto as a 




Explore the  
Jupiter  system 
as an archetype 
for gas giants
Characterise the Jovian 
atmosphere
Explore the Jovian 
magnetosphere
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Introduction:  Focused laser beams can be used to 
ablate the surface of spacecraft surfaces and contami-
nating materials.  The method can be applied such that 
the ablated material is heated to plasma, making it a 
laser induced breakdown spectroscopy (LIBS) ap-
proach (Figure 1).  LIBS applied to sterilize a surface 
via vaporization can sterilize surfaces in space or on a 
planetary surface while providing direct characteriza-
tion of ablated material.  LIBS for sterilization can 
provide scientific and spacecraft operations measure-
ments that cannot be provided by other sterilization 
methods.  This instrument concept could be used for 
sample return or for mitigation of sample cross con-
tamination with spacecraft science instruments. 
Low irradiance lasers (~1 W/cm2) have been used 
to kill microbes [1][2].  High irradiance >10 MW/cm2 
[3] will ablate most materials, and for LIBS ~10 
GW/cm2 [4] is needed.  Sub-ablation irradiance can 
weaken cell membranes causing loss of membrane 
integrity and produce oxidative species that destroy 
enzymes and DNA.  
   
Figure 1: Ablation sequence in which a focused 
pulsed laser generates plasma.  The laser is scanned to 
remove a surface layer.   
 
Concept of LIBS Sterilization:  Effective imple-
mentation of the LIBS for sterilization concept requires 
a laser beam be focused on the surface to be vaporized.  
Emission from the plasma generated by the focused 
beam is collected by a spectrometer.  A means to scan 
the laser and spectrometer system across the part must 
be provided.  In Figure 1, a system based on robotic 
arm scanning system is shown.  The particular means 
of implementing the method will depend on the object 
and mission objectives.  
 
Figure 2: Conceptual layout of a device for sterilizing 
an object.  
Laser irradiance has important implications for the 
laser power consumption, laser spot size, scanning 
rate, and time for sterilization.  A laser beam of 1.57 
mJ per pulse with 2 ns pulse duration, assuming 25% 
optical efficiency, will produce 10 GW/cm2 when fo-
cused to 100 µm spot diameter.  Such a laser would 
need to operate at a repetition rate of 1590 Hz to va-
porize a 1 m2 surface area in 22 hours.  Lasers of simi-
lar capabilities have already been made space compati-
ble for LIDAR instruments.  
Spectrometers capable of recording individual 
LIBS plasmas at high repetition rate are commercially 
available and are reasonable to adapt for space flight.  
The LIBS sterilization system operating at high repeti-
tion rate will require on-board data analysis as the data 
production rate would likely exceed communication 
rates to earth.  
Preliminary Proof of Concept:  Proof of concept 
tests were performed on polished 316 stainless steel 
test coupons exposed to microbial biofilm growth from 
a natural spring along Clear Creek in Golden, Colora-
do.  Samples were submersed in the spring for 5 days, 
collected, dried, and imaged by SEM.  Figure 3 shows 
the sample before and after biofilm growth. 
 
  
Figure 3: SEM images of 316 SS surface before (top) 
and after (bottom) bio-film growth.   
 
The 1064nm output of a pulsed Nd:Yag laser, 8 ns 
duration, at 4 Hz, was focused to an elliptical focus of 
approx. 80 µm width and 4 mm height.  The beam was 
focused into a vacuum chamber containing a 3-axis 
sample translation stage.  Plasma emission was deliv-
ered to Ocean Optics miniature spectrometers via opti-
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cal fibers.  Tests were at 7 to 9 torr in a CO2 atmos-
phere. 
Laser irradiance was set at approx. 10 GW/cm2. 
The sample was translated horizontally, causing the 
focused beam to sweep out 6 mm in 45 seconds.  A 
visible image of the ablated area is shown in Figure 4 
and SEM images in Figure 5.  Tests were also per-
formed on JSC-1a coatings on 316 SS and uncoated 
316 SS. 
 
Figure 4: Laser ablation cleaning of a biofilm from 
316 SS.  A 4x6 mm area of biofilm was removed.  At 
end of scan the laser was allowed to burn into the sur-
face, forming the bright ellipse on the right. 
 
 
Figure 5: SEM images of biofilm on stainless steel 
after treatment. 
 
The LIBS spectrum contains hundreds of emission 
lines emanating from neutral and ionized species in the 
hot plasma.  LIBS can be used to identify the type of 
surface contaminate on stainless steel.  We have used a 
simple comparison of Fe emission near 392 nm to Ca 
emission near 393.5 nm.  Figure 6 shows the spectra 
from 390 to 400 nm. 
 
Figure 6: LIBS spectra of a single shot of each sample 
showing Fe and Ca lines. 
 
Cluster analysis can be used to identify the type of 
ablated material. In Figure 7 the Fe emission is plotted 
against the Ca emission for each recorded LIBS plas-
ma.  The differences between stainless steel and bio-
film on stainless steel are small, yet a biofilm ladened 
surface can be differentiated from a stainless steel sur-
face. 
 
Figure 7: Cluster analysis of LIBS data identifies the 
different samples. 
 
Conclusions: A complex biofilm can be removed 
from a surface via laser ablation with simultaneous 
identification of the ablated material via LIBS.  The 
use of laser ablation to sterilize the surface of a sample 
return canister while in space or on the surface of a 
planetary body can be accomplished.  Operation in a 
LIBS mode would provide a measure of contamination 
not possible with other sterilization methods.  The laser 
and scanning technology needed for the LIBS steriliza-
tion method and instrument have flown in space.  
High-speed spectrometers and automated LIBS soft-
ware are available commercially, and can be adapted 
for spaceflight.  The LIBS sterilization method is a 
potentially a powerful tool for sample return and in-
strument cross contamination mitigation.  
References: [1] Perni, S. J. et al. (2011) J Bio-
mater. Appl. 22, 5, 387-400. [2] G.S. Omar, et al., 
(2008) BMC Microbiology, 8:111. [3] Vorobyev, 
A.Y., et al. (2006) App. Phys. A, 82, 357. [4] Cremers, 
D.A. and L. Radziemski (2006) Handbook of Laser-
induced Breakdown Spectroscopy, John Wiley and 
Sons. [5] McKay D. S. et al. (1994) "JSC-1: A new 
lunar soil simulant". Eng., Construction, and Opera-
tions in Space IV, ASCE, 857-866.  
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Introduction: The technical challenge of creating a 
thin section device compatible with the spacecraft en-
vironment is formidable and often has been thought 
too technically difficult to be practical.  Terrestrial thin 
section preparation requires a skilled petrographist, 
several preparation instruments that individually ex-
ceed typical spacecraft mass and power limits, and 
consumable materials that are not easily compatible 
with spaceflight.  By focusing on essential thin section 
production elements, careful consideration of require-
ments, and considering only dry grinding and cutting 
we have produced an instrument design for preparing 
rock thin sections in space.  The In Situ Automated 
Rock Thin Section Instrument (IS-ARTS) conceptual 
design demonstrates that the in situ production of thin 
sections on a planetary body is a plausible instrument 
capability [1].  
Thin section analysis provides a perspective to un-
derstanding planetary surfaces that will be uniquely 
different from the viewpoint obtainable from any pre-
vious orbital or surface missions.  Mineralogical and 
petrological evidence for the presence or absence of 
past water, secondary alteration such as weathering 
and metamorphism (shock and heat), and local habitat 
identification can not be determined with a high degree 
of certainty using data sets currently available for 
planetary surfaces.  On Earth, the main tool used by a 
geologist to gather this type of information is to identi-
fy the optical properties of the minerals by making 
thin-sections of the rocks/soils and examination using a 
petrographic microscope. 
IS-ARTS Design: The In Situ Automated Rock Thin 
Section instrument (IS-ARTS) was designed to be ca-
pable of preparing thin sections of a variety of sam-
ples, including: rocks of <3 cm characteristic dimen-
sion and low aspect ratio, cores of ~1 cm diameter, 
rock fragments, regolith, and dust.  The total number 
of thin sections produced is highly dependent on sam-
ple physical properties (hardness, texture), and initial 
shape and the size of the tablet produced.  The design 
target was set at 50 thin sections assuming worst case 
wear rates and cutting rates for the diamond wire cutter 
and GRITS. 
Fig. 1 shows a schematic of the IS-ARTS design 
concept consisting of 6 major subsystems.  The Rock 
Gripper (item 6) moves along the Linear Rail (item 5).  
The Linear Rail provides a long axis of translation 
(~17 cm) so that the sample can be presented to several 
stations to perform the processing steps needed to 
make a thin section.  The Linear Rail delivers the sam-
ple to the grinding and polishing station, GRITS (item 
1), a petrographic microscope (item 2), slide and epoxy 
application (item 3), Diamond Wire Cutter (DWC) 
(item 4), and receiving station (the Rock Gripper at the 
far right end of the Linear Rail).  A precision vertical 
translation stage integrated into the Rock Gripper pro-
vides the motive force to drive the sample into the 
GRITS grind/polish wheel, position the sample in fo-
cus for the microscope, receive a slide and epoxy, and 
create vertical cuts with the wire.  Passive mechanisms 
activated by the position of the Linear Rail and vertical 
translation of the gripper are used for several functions 
such as: open/close gripper, and to flip the sample or 
slide.  A set of engineering sensing devices, i.e. contact 
switches, strain gauge, engineering camera, motor cur-
rent sensing and encoders, could be used to verify 
sample progress through the system.  
Based on breadboarding tests it was concluded 
that a thin section can be made with only four actuators 
(motors): (1) Linear Rail, (2) Vertical Translation on 
the Gripper, (3) GRITS motor, and (4) DWC motor.  
The Linear Rail requires a long length of travel (~17 
cm) but low precision (~0.5 mm). Vertical Translation 
can be accomplished with ~1 cm of travel but requires 
high precision (~2 micron) as this axis drives the sam-
ple into the GRITS grinder to make the section thin.  
Grinding Rocks into Thin Sections (GRITS) 
Breadboard: Grinding Rocks Into Thin Sections 
Figure 1: Schematic design concept of IS-ARTS. Six major 
subsystems as annotated. 3: Slide/Epoxy Application. Four 
independent motorized degrees of freedom: Linear Rail, Rock 
Gripper Vertical Translation, GRITS and the Diamond Wire 
Cutter. Gripper open/close and slide/epoxy application will be 
engaged by passive mechanisms via Linear Rail and Vertical 
Translation. Rock receiving at the Right end of Linear Rail.   
 
4: Capstan Wire 
Cutter 
5: Linear Rail 
6: Rock Gripper and 
vertical translation 
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(GRITS) is the dry grinding/polishing system devel-
oped by Honeybee Robotics [2].  The GRITS bread-
board configuration was similar to the IS-ARTS design 
shown in Fig. 1.  It was designed so that the grind sta-
tion could be oriented to grind with either a cup or 
straight type grinding wheel. The sample holder was 
mounted to a load cell to provide information on the 
force with which the wheel is pressing against the rock 
and in turn the grind pressure and was mounted to a 
precision linear lift stage with a resolution of 0.2 mi-
crons.  
Using autonomous grinding the GRITS system suc-
cessfully completed grinding of a tablet to a thickness 
of ~33 microns and to a surface finish that is adequate 
for petrographic analysis using a polarizing micro-
scope.  In Fig. 2 micrographs of an Anorthrosite sam-
ple are shown. While the traditionally prepared thin 
section is clearly superior to the GRITS prepared thin 
section, the GRITS prepared thin section was deemed 
adequate for petrographic analysis by a petrographic 
expert.  
Diamond Wire Cutter Breadboard: A bread-
board diamond wire cutter was developed at the Colo-
rado School of Mines [3,4].  The breadboard was in-
strumented to measure cutting forces, wire speed, and 
sample advancement rate.  The diamond cutter requires 
less energy, reduces over-cutting waste (kerf), produc-
es less dust, has the capability to cut in multiple direc-
tions, and reduces system weight and volume relative 
to other cutting devices.  Tests of wire performance, 
wear rate, specific energy used, and viability of differ-
ent configurations were conducted.  Rock grippers 
using a pin array were breadboarded and found to be 
adequate for gripping of samples for cutting using di-
amond wire.  
Microscope: The microscope shown in Fig. 1 
would include a color camera and optics to operate at 
fixed magnification.  A linearly polarized white light 
source below the linear rail transmits light through the 
thin section.  The microscope would contain an analyz-
ing linear polarization filter crossed to the transmitted 
polarization.  Similar focal plane arrays and micro-
scope optics have already been developed for space 
missions.  For example, the MArs HandLens Imager 
(MAHLI) instrument developed for the MSL mission 
is a good example of spaceflight instrument that could 
be adapted to a petrographic analysis applications [5]. 
Flight System Estimates: Based on a hypothetical 
2-year mid-latitude Mars mission, and a requirement to 
produce 50 thin sections of rocks having varying hard-
ness, a flight system is estimated to have a mass of less 
than 15 kg and maximum sustained average power 23 
W.  These estimates are based on breadboard testing, 
experience with the MER RAT instrument [6], and the 
performance of flight microscopes [5].  Time to pro-
duce a thin section is highy dependent on rock physical 
characteristics, primarily hardness and porosity.  Total 
time required to produce a thin section from a hard 
igneous sample is on the order of 30 hours.  Most of 
this time would be spent grinding the sample.  Thin 
section preparation would proceed in stages spread out 
over several days depending on mission priorities. 
Conclusions: The development of an automated 
rock thin section device for space exploration is a chal-
lenging endeavor.  The IS-ARTS conceptual design 
shows that although challenging the in situ production 
of thin sections on planetary science missions is possi-
ble.  
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Figure 2: A thin section of an Anorthrosite sample under 
cross polarizers (top: a and b) and reflected light (bottom: 
c and d) as produced by the GRITS system (left: a and c) 
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Introduction:  GeoLab (Figure 1) is a geological 
laboratory and test bed designed for conducting geo-
science activities during NASA's analog missions. Sci-
entists at NASA's Johnson Space Center built GeoLab 
as part of a technology project to aid the development 
of science operational concepts and to test a variety of 
analytical tools that could be developed for future 
planetary surface missions [1, 2, 3]. It is integrated into 
NASA's Deep Space Habitat (DSH), an exploration 
habitat test article (Figure 2). As a prototype work-
station, GeoLab provides a high fidelity facility for 
analog mission crewmembers to perform preliminary 
examination and characterization of geologic samples 




Figure 1.  GeoLab inside the DSH. Microscope and 
computer displays are above the glovebox, XRF is on 
the left, cameras provide overhead and side viewing.  
 
Hardware Description:  GeoLab’s configuration 
provides a safe, contained working space for crew-
members to perform preliminary characterization of 
geologic samples (Figure 3).  The GeoLab concept 
builds from the hardware and clean room protocols 
used in JSC’s Astromaterials Sample Curation labora-
tories. The main hardware component is a custom-built 
glovebox, constructed from stainless steel and polycar-
bonate, and built to support a positive pressure nitro-
gen environment.  The glovebox is mounted onto the 
habitat’s structural ribs; the unique shape (trapezoidal 
prism) fits within a pie-shaped section of the cylindri-
cal habitat.  A key innovation of GeoLab is the mecha-
nism for transferring samples into the glovebox: three 
antechambers (airlocks) that pass through the shell of 
the habitat.  These antechambers allow geologic sam-
ples to enter and exit the main glovebox chamber di-
rectly from (and to) the outside, minimizing potential 
contamination from inside the habitat.  The glovebox 
also incorporates an environmental monitoring system.  
The main chamber of the glovebox is equipped with 
sensors that monitor O2 (ppm), pressure (mbar), hu-
midity, and temperature, and each antechamber con-
tains pressure sensors.  Four video surveillance camer-
as provide real-time displays of operations inside the 
GeoLab workstation and the area around the ante-
chamber doors on the outside the habitat. 
 
 
Figure 2. The Deep Space Habitat. The GeoLab ante-
chambers are the 3 circular ports just left of center and 
the “Segment G” letters. 
 
Configurability: GeoLab hardware and operation-
al concepts are also derived, in part, from experiment 
facilities aboard the International Space Station (ISS).  
ISS payload racks emphasize experiment flexibility 
and autonomous operations by a trained crew, and 
support “plug and play” instrument integration for dif-
ferent payloads or data collection campaigns.  The 
GeoLab design includes a suite of ports in the glove-
box for rapid reconfiguration with new instruments.  
The initial instrumentation included a Leica stereo-
scopic microscope and an Innov-X handheld Delta 
DP6000 X-ray Fluorescence (XRF) spectrometer. This 
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basic configuration allows for comprehensive imaging 
of samples, microscopic examination, and geochemical 
fingerprinting of specified sample surfaces. In 2011, 
we demonstrated the glovebox’s configurability 
through collaboration with scientists from Arizona 
State University and JPL. We integrated the Multispec-
tral Microscopic Imager inside the GeoLab to acquire 
multispectral data [4], in addition to the visible light 
microscopy and XRF spot analyses.  
All instrumentation and cameras are controlled at 
the workstation with two touchscreen computers (HP 
Touchsmart 600xt, see Fig. 1) that are integrated into 
the DSH avionics system. Data from the cameras, sen-
sors, microscope and XRF can be viewed remotely 
using a web interface, enabling collaboration between 
the astronaut crew and a supporting science backroom. 
 
 
Figure 3. Crew performing preliminary examination of 
samples collected during geological traverses. 
 
 
Figure 4. Example GeoLab data: microscopic imagery 
and XRF spectra collected from 3 distinct basalt flows. 
 
2012 tests include new instrument controls and data 
displays, voice commanding sequences, and a robotic 
sample manipulator inside the glovebox (Figure 5).  
The robotic arm will be used for grabbing and holding 
samples in a micro-gravity environment, and for trans-
lating and positioning the sample for data collection 
from the different GeoLab instruments (camera, micro-
scope, XRF). Development of this technology will 
increase crew efficiency, broaden the options for Geo-
Lab location (for example, on the outside of a habitat 
bulkhead), and potentially enable remote operations of 
the preliminary examination of samples. 
 
Figure 5. GeoLab sample manipulator (CAD model). 
 
Results from GeoLab Operations:  We have test-
ed the GeoLab operations with astronaut crews during 
two analog field deployments (Desert RATS) in 2010 
and 2011. Our initial results suggest that 1) the Geo-
Lab glovebox is a high fidelity field laboratory. A 
trained crew can operate autonomously, and easily 
provide a variety of data for consideration by the sci-
ence team. These data can aid decisions regarding ad-
ditional data collection, sample handling and prioritiza-
tion.  2) The detailed data collected in the GeoLab adds 
to the body of evidence used for understanding the 
regional geology that is being explored, and can be 
used for future traverse planning. 
There are many additional configurations and in-
strument operations that can be integrated into the 
glovebox.  Progressive tests using GeoLab in different 
combinations of human and robotic elements will help 
us develop the appropriate requirements, instruments 
and protocols for preliminary examination of geologi-
cal samples and sample curation procedures for both 
deep space habitat and planetary surface missions by 
humans.  Our team aims to apply this work to enable 
efficient field campaigns and support initial curation 
efforts that control contamination and preserve pristine 
samples collected during exploration missions.  As-
sessment of the laboratory operations will drive the 
definition of requirements and support the advance-
ment of new technologies for handling and examining 
extraterrestrial samples, and transporting them back to 
Earth. 
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Nuñez, J. D. Farmer, R. G. Sellar, and P. B. Gardner 
(2009), LPSC XL, Abstract #1830.   
158 LPI Contribution No. 1683
ELECTROSTATIC CHARGING HAZARDS ORIGINATING FROM THE SURFACE (ECHOS) OF MARS 
WITH APPLICATIONS TO OTHER SURFACE/ATMOSPHERE INTERFACES. W. M. Farrell1, J. R. Mar-
shall2, G. T Delory3, 1NASA/Goddard SFC, Greenbelt, MD (william.m.farrell@nasa.gov), 2SETI institute, Mountain 
View, CA, 3 Univ. of California at Berkeley, Berkeley, CA.  
 
Introduction:  In 1999, a Human Exploration and 
Development of Space (HEDS) payload called ECHOS 
was included in the Mar03 Surveyor mission that was 
specifically designed to quantify the atmospheric elec-
tricity environment at the Martian surface. It was rec-
ognized that mixing sand and dust in dust devils, 
storms, and saltating grains could be a source of elec-
tricity via contact electrification [1,2]. The ECHOS 
package was designed to quantify the amount of elec-
trical energy in aeolain features, determine their effect 
on the environment and landed systems, and considers 
the electricity’s effect on atmospheric chemistry.  
Unfortunately, in 2002, after the loss of MPL, the 
mission was scrubbed. However, the idea that Mars’ 
near-surface atmosphere is electrically (and electro-
chemically) active continues to be a topic of great in-
terest. We describe the evolving form of the ECHOS 
science objectives, relevance, some interesting applica-
tions, and finally conclude with future opportunities.  
Evolution of the Instrument Concept. Early lab 
experiments involving mixing sand and dust in low 
pressure CO2 (to mimic the Martian atmosphere) 
demonstrated that tribo-charged grains can excite both 
a visible corona and spark discharges [1]. Mills [3] was 
so impressed with the glow that it was suggested that 
the corona chemically-scavenges organics and was the 
source of the reactive regolith detected by Viking. 
Sentman [4] suggested that a dedicated electrostatic 
package be sent to the Martian surface to quantify this 
electrical activity, although it would be some years 
before the opportunity presented itself. In 1997, GSFC 
submitted a proposal to the Mars 01 Surveyor AO to 
place a low frequency radio and optical photometer on 
the Mars01 Surveyor Lander to sense RF and visible 
emission from dust-created corona. This instrument 
was called Radio-optical Experiments for Dust Dis-
charges (REDD) [5]. While not selected, the idea of 
charged dust, corona, and dust devil/storm electrical 
activity captured the imagination of the atmospheric 
community.  
In response to the Mars03 Surveyor AO, ECHOS 
was proposed. The proposal was awarded and merged 
with another proposal that included the system camera 
-  the new instrument was renamed Mars Atmosphere 
and Dust in the Optical and Radio (MATADOR) with 
P. Smith at Univ. of Arizona as the PI. Unfortunately, 
following the MPL loss, the Mars03 mission was can-
celed.  
However, the MSL opportunity allowed the concept 
to be reconsidered as Mars Atmospheric Chemistry on 
Electrical Storms (MATCHES) with G. Delory as the 
PI. MATCHES would provide key information on the 
electrical environment in support of MSL’s Sample 
Analysis of Mars (SAM) mass spectrometry/chemistry 
system. The electro-chemistry associated with electri-
fied aeolian features [6, 7] was to be measured via the 
MATCHES-SAM combination. Unfortunately, the 
added supporting instrument was rated very highly but 
not selected.  
Objectives. The objectives of the Mars03 ECHOS 
instrument include the following:  
 
-Determine if saltation clouds are electrical in nature 
and determine if they are a realistic hazard 
-Obtain the speed and direction of Martian winds 
near/within  dust devils and storms 
-Detect lightning, in whatever manifestation, from 
electrical dust clouds 
-Obtain the rate of dust devil occurrence 
-Derive reliable precursor acoustical, electrical, and 
chemical signatures for dust devils & storms 
-Map the Lander potential under various environmental 
situations 
-Determine the atmospheric breakdown potential as a 
function of environmental variables 
-Define the discharge hazard for objects with sharp 
corners 
 
The MATCHES instrument to support MSL em-
phasized the emerging field of atmospheric electricity 
and new chemistry, and thus has a stronger emphasis 
on obtaining the trace species associated with electri-
 
Illustration of the proposed REDD instrument on Mars 
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fied dust devils and storms. Specifically, given the rela-
tively low threshold for atmospheric breakdown, dust 
devils & storms were anticipated to create CO2+ ions 
and corona via impact ionization and CO, O- and OH 
and H- via electron dissociative attachment with carbon 
dioxide and water [6]. The recombination of these 
products could produce new reactive species like hy-
drogen peroxide [7]. As surmised by Mills [3], the 
dust-created corona is expected to be reactive.  
Relevance.  The astrobiological impact of 
Martian atmospheric electricity relates to the classic 
Urey-Miller experiments [8] where discharges can be 
considered an energy source to create more complex 
hydrocarbons. In the MEPAG goals #1 [Life], atmos-
pheric processes and associated electricity is an energy 
sources that can alter chemistry, and possibly affect 
organic chemistry [3].  
The exploration impact involves safety con-
cerns that intense lightning could affect landing & take-
off/ascent from the Martian surface (see MEPAG’s 
http://mepag.jpl.nasa.gov/reports/MHP_SSG_(06-02-
05).pdf). In MEPAG Goal #4 [Human Exploration], 
lightning that might affect human operations and take-
off is specifically mentioned for further study.  
Instrument Suite. There has never been an 
experiment flown to Mars to quantify the electrification 
of the dusty atmosphere, its electrical induction effect 
on objects, and associated electron flow near the 
surface. ECHOS is specifically designed to obtain 
these measurements and to obtain a fundamental 
understanding of the system creating the electrical 
environment, new chemistry, and potential hazard. 
The sensors comprising the ECHOS suite are 
strongly interrelated. The ECHOS data sets are highly-
complementary and will generate a detailed integrated 
picture of the Martian electric dusty meteorological 
system.  ECHOS instruments emphasizing the electri-
cal environment include a RADIO for measuring AC 
electric fields, a DC electric field sensor (DCE) for 
detecting remote sources of quasi-electrostatic fields, 
and an electrometer system (DEC) for measuring local 
potentials at various locations on the lander (including 
near corners/edges). The meteorological package 
(MET) includes a pressure gauge, wind vector velocity 
sensor, temperature sensor, and dust detector. The lat-
ter three are placed on a main mast, and also on the soil 
surface. A Paschen Breakdown Monitor measures the 
electrical stability of the atmosphere by inducing elec-
trical breakdown, and a chemical sensor is included to 
determine the abundance of oxidizing species in an 
electric, dusty atmosphere. Data from these sensors are 
integrated into a single digital processing system 
(IDPU) that acts as “one brain” for the suite, thereby 
maximizing the quality of data during targets of oppor-
tunity, such as dust storm passages.  
The later MATCHES concept had similar electrical 
environmental sensing instruments (Radio, DC-E, and 
electrometers) but then provided real-time DPU-to-
DPU input to SAM, which derived the associated 
chemical sensing of newly-formed trace species. If an 
electrical storm passed by MSL, the MATCHES elec-
trical sensors would detect it and trigger the fast-
sampling laser spectrometer portion of SAM – specifi-
cally looking for peroxides. 
Electrometeorology.The name, electrometeorology, 
implies a strong connection between atmospheric 
phenomena and electricity, which is appropriate in 
discussing Martian near-surface activity involving 
charged dust. Laboratory experiments demonstrate that 
dust under Martian pressure will generate and 
exchange copious amounts of charge at the 
microscopic level. Glow and filamentary-type 
discharges are observed in the lab [1,3], indicating the 
excitation of neutral atoms, breakdown of the gas, the 
creation of ions, and the generation of unusual 
chemical species. These processes form hazards, since 
charged (and discharging) grains adhere to surfaces, 
generate radio frequency “static” interference, and 
possibly produce creactive  chemical compounds like 
peroxides. ECHOS has the ability to detect and 
quantify these microphysical processes expected to 
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occur with Martian charged dust.   
However, accumulations of dust in clouds (dust 
devils or storms) also form a possible electrostatic 
discharge hazard due to the  congreagation of charge 
[2,9]. Dust devils are convective structures with hot 
cores, circular winds, and gusts in excess of 30 m/s (or 
70 mph) [10]. They are believed to be generated most 
in the post-storm “fair weather” period when static 
stability is decreased [11]. Terrestrial dust devils of 
similar size can create 50-100 kiloV/m electric fields 
[12]. By analogy, we anticipate Martian dust devils to 
have similar  tribo-charging  activity at 10-20 kV/m 
levels [2] but less than those at Earth due  to increased 
atmospheric dissipation. Such dust devils may have 
electrostatic energy that could be a source for unusual 
new chemistry and may form a hazard via ESD, both 
directly to objects and between objects due to electric 
induction. An ECHOS priority is to monitor the 
electrostatic charge in the dust devil, to observe its 
discharges in the radio, optical, and audio spectrum, to 
measure directly induced potentials on objects like the 
Lander and understand the new electrical-driven 
chemistry. 
Environmental System. From a system point of 
view, the dust in dust devils and storms can electrify 
the entire atmosphere both locally and remotely (see 
below). This complex electrified atmosphere has three 
components: (1) Meteorological Component. The 
electrified dust in suspension/saltation clouds is a 
electrified system due to grain-grain contact 
electrification. (2) Geoelectric Component. An object 
immersed in the electrical atmosphere itself has an 
induced E. (3) Surface Component. The surface 
represents an electrical dielectric boundary that will 
also charge relative to the storm itself and the object.  
All three components are in continuous electrical 
interaction, with bi-directional current flow between 
the atmosphere and ground, and to any object in 
between. We expect the currents to be in the form of 
quasi-DC flows, conductivity-enhanced corona, and 
possibly even occasional fast discharges.  
Application #1: Atmospheric Chemistry. The 
transition from a neutral gas to an mildly- ionized gas 
under a stressing E-field is a collisional plasma physics 
problem that is describable via solutions to the Boltz-
mann equation that includes electron vibration, excita-
tion, and ionizing collisions with a CO2 gas at Martian-
like pressures [6,15].   
 The essence of this process is the following: 
1) The dust devil creates a dipolar-like E-field via dust 
tribo-charging and separation. 2) At Mars, for E fields 
> 10 kV/m,  ambient electrons will be accelerated in 
the field but now with  enhanced energy in their colli-
sions  with the CO2 gas molecules to both excite and 
ionize the molecules. This process of electron impact 
ionization releases 2 electrons for every one in colli-
sion with a CO2 molecule  to initiate the well-known 
electron avalanche process [6,15] that grows at a rate 
defined by Townsend’s first coefficient, α (defined as 
the number of electron impact ionizations per unit me-
ter). The variable α is itself an exponentially growing 
function with the E-field. 3) The free electrons can also 
undergo electron dissociative attachment with CO2 and 
H2O, to create CO, O-, OH and H- in the avalanche 
region. Given this energetic electron population 
‘pulled’ from the atmospheric gas, there is then the 
initiation of a corona, like that witnessed in the glowing 
gas of Eden and Vonnegut [1] and Mills [3].  
Figure 4  illustrates the plasma chemistry ex-
pected to be created, with electron impact ionization 
occurring when electron energies exceed 15 eV, elec-
tron dissociative attachment of CO2 occurring with 
electrons having energies near 4 and 8 eV, and electron 
dissociative attachment of water occurring with  elec-
trons having energies near 6.5 and 8.5 eV. We thus 
suspect that the same glowing gas formed by Eden and 
Vonnegut [1] and Mills [3] featuring electrons exciting 
CO2 (with energies near and above 10 eV) also had 
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large amounts of O- being created via electron dissoci-
ative attachment at the lower energy of 4 eV.  
Delory et al. [6] and Atreya et al. [7] first 
formulated the plasma chemistry by considering the 
electron avalanche process without electron losses. 
Later studies considered electron losses from dust and 
electron attachment processes [13, 14, 15]. Jackson et 
al. [15] developed the Dust Devil Electron Avalanche 
Model (DDEAM) that includes the coupled interac-
tions (coupled differential equations) from impact ioni-
zation sources, dust losses, and dissociative attachment 
losses. It also formulates the avalanche saturation pro-
cesses in the ionized gas.  
Atreya et al [7] found that the recombination 
of the electron dissociated Hs and Os could form the 
reactive H2O2 in relatively large concentrations. This 
peroxide could then react with the surface and dust, 
possibly cleansing the surface of organics. Farrell et al. 
[16] found that there could be electron dissociation of 
methane – thereby reducing the lifetime of this key bio-
marker. Peroxides might also alter the lifetime of this 
biomarker as well. As such, the new chemistry in elec-
trified corona is considered harsh.  
While the lab and modeling studies described 
new chemistry forming in the corona created by electri-
fied Martian dust storms, to date we do not have in situ 
proof for the electric fields and currents that are re-
sponsible for the proposed electro-chemistry at Mars. 
Clearly, an instrument like ECHOS or MATCHES 
would provide that validation. In essence, this instru-
ment should be flown once to assess the environment. 
If it is more electrically-active than anticipated, target-
ed electro-chemical instruments can be built and flown.  
Application #2: Discharges and Lightning. In 2009, 
Ruf et al. [17] presented the very exciting report of 
lightning detected from a Mars dust storm as observed 
from one of the DSN ground-based radio telescopes in 
the GHz emission band. These emissions were power-
ful, inferred to originate from a discharge 105 times 
more powerful than a nominal terrestrial lightning 
stroke. The sensitive kurtosis waveform analysis tech-
nique applied to the observations also detected a very 
strong modulation of the GHz signal at narrowband 
ultra-low frequency (ULF) tones near 9, 18, and 27 Hz. 
These tones were inferred to be a modulation from the 
surface-ionosphere cavity (called the Schumann Reso-
nance (SR)) triggered by the lightning discharge itself. 
Such GHz emission from a lightning discharge has not 
been reported previously for Earth or the other planets. 
As such, this fast ‘su-
per-bolt’ discharge rep-
resents an entirely new 
lightning emission type 
with no other planetary 
analog.   
 The situation 
became complicated in 
2010, when Gurnett et 
al. [18] reported on the 
lack of any RF emission from lightning in the 4-5.5 
MHz band of the MEx/MARSIS radio receiver in 
proximity about Mars. They used data collected over a 
5 year period that included multiple close passes over 
two major dust storm events. They placed a lower limit 
on the intensity of any lightning: They demonstrated 
that a terrestrial-type discharge from the Martian sur-
face would be easily detectable – since its strength 
would be 40 dB (10000 times) above the noise floor. 
As such, the receiver had the sensitivity to detect a 
discharge with an RF emission strength that is 1/10000 
weaker than that found in typical terrestrial stroke’s 
energy.  
 Earlier this year, Anderson et al. [19] reported 
on the lack of Martian lightning detection at 3 & 8 
GHz in a ~3 month period in 2010 using the Earth-
based Allen radio telescope. They unfortunately could 
not reproduce the Ruf et al. result in a similar band 
pass.  
 How do we then reconcile these three very 
disparate observations? Calculations in Ruf et al. [17] 
indicate that the Martian atmosphere can collect and 
maintain large concentrations of storm charge –larger 
 
Fig 4-Energetic electrons interact with the Martian 
atmosphere [Delory et al, 2006] 
 
Does Mars’ have the ca-
pacity to form large charg-
ing centers and lightning? 
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than those collected within terrestrial thunderstorms - 
in the creation of their reported Martian ‘super-bolt’. 
Yet, the sensitive receiver on the close-orbiting MEx 
orbiter did not detect a discharge above its noise 
threshold at sensitivity comparable to ~ 1/10000 of the 
terrestrial case. The two observations are philosophi-
cally at odds.  
The best way to get ground-truth to settle this 
dilemma is the fly an ECHOS or MATCHES type in-
strument to the Martian surface. The Radio can detect-
ed the RF emission from a lightning event while the 
DC E-field system should detect both the large congre-
gation of charges associated with the storm, itself, and 
should also detect the Schumann Resonances which 
Ruf et al. infer to be unusually intense and of very high 
Q. Certainly, if the DC E-field system does not imme-
diately detect the SRs, then the Ruf et al. [17] super-
bolt may not exist (at least not as described therein). 
Corona emission still could exist without the super-bolt 
– in fact, copious corona like that observed in lab ex-
periments by Eden and Vonnegut [1] and Mills [3] 
would act to dissipate large charging centers and re-
duce the likelihood of a large charge buildup and su-
per-bolt. HEOMD is interested in the presence of 
lightning discharges on Mars since such events repre-
sents clear hazards to avoid during landing and take-off 
from the planet surface.  
Application #3: Sub-surface Conductivity. 
The energy in any impulsive electromagnetic event 
(below ~ 0.1 MHz) on Mars becomes bounded and 
partially trapped in the surface/ionosphere waveguide. 
As these EM pulses propagate from their storm source, 
they become attenuated and dispersed, and in doing so, 
they are altered based on the properties of the wave-
guide itself – including the surface conductivity [5, 20, 
21].  In essence, as an electrified storm moves toward 
or away from an observation point, the amount of at-
tenuation and dispersion in the RF impulse varies, and 
this information can be inverted to understand the 
properties of the sub-surface (assuming a high conduc-
tivity in the ionosphere boundary).  
A landed instrument like ECHOS could then 
provide a regional survey of the sub-surface properties 
via a lightning waveform inversion. This technique has 
been mastered for terrestrial lightning and could be 
applied at Mars – assuming a discharge that radiates 
(preferably in the VLF) is present. Clearly, a landed 
instrument is needed to assess the radiative properties 
of Mars dust features.  
Future Applications. ECHOS is ideal for studing 
the meteorology and associated electricity, with a 
wedded sensor suite to assess the fluid and electrical 
envirionments associated with particulate transport. 
This package is not only ideal for Mars, but could be 
considered on a landed mission to Titan, where aeolian 
effects are anticipated.  The electrical portion of the 
package could fly to Venus to search for the RF 
signature from Venus lightning, especially that low 
frequency portion of the spectrum that may remained 
electromagnetially-trapped between the surface-
ionosphere.  As we develop this package for Mars, 
there are obvious extensions to other solid bodies with 
atmospheres. As describe above, ECHOS is a key part 
of understandng forces that transport particualtes at the 
surface-atmosphere interface.  
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Introduction: In May 2012 Jupiter ICy Moons Ex-
plorer (JUICE) was chosen to be the next large science 
mission of the European Space Agency (ESA) in the 
context of ESA’s Cosmic Vision 2015-2025 program-
matics. The mission will study the Jovian system, with 
focus on Europa, Ganymede and Callisto. As those 
moons all are supposed to host internal oceans, they 
are considered as potential habitats for live. We pro-
pose an X-Ray fluorescence instrument package 
(XRF-J) to quantitatively investigate the contribution, 
composition and distribution of non-icy surface mate-
rials on the Galilean satellites, in particular for Gany-
mede, Europa and Callisto as outlined in the Science 
Goals of the AO. 
While solar X-Ray excitation is sufficient on the lunar 
surface to perform passive orbital X-ray fluorescence 
experiments (compare [1], [2], and [3]), in the outer 
solar system it does not suffice as a standalone excita-
tion source. However, Jupiter provides an unique op-
portunity as the interaction of particles with the Jovian 
magnetic field produces charged particles of high ve-
locities impacting on the surfaces of the Galilean satel-
lites. This leads to particle induced X-ray emission 
(PIXE) and therefore to significantly higher detection 
rates (see [4]). 
 
Experiment Scope: The XRF-J instrument will allow 
to mapping concentrations of main mineral-forming 
elements of the non-icy surface materials at medium 
resolution for the first time. By element mapping, in 
particular Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe (atomic 
number 8 - 32), the material-forming mineralogy is to 
be deduced and quantified. The scientific data basis 
will establish an understanding of the chemical compo-
sition and distribution of geologic units on local and 
global scales. XRF-J measurements will furthermore 
complement the calibration and support the interpreta-
tion of measurements in the visible and IR spectral 
range through its quantitative detection principle, and 
by that extend the spectroscopic range as stressed in 
the AO towards higher energies (0.5 - 10 keV). To-
gether with its lunar complement XRF-L that was 
originally planned for the German lunar mission LEO 
and for the Russian LunarGLOB, XRF-J will provide a 
new data basis and allow new insights into planetary 
surface compositions and properties. 
 
Instrument and Measurement Principle: The basic 
measurement principle is based upon the detection of 
secondary X-rays emitted when K- and L-shell elec-
trons are expelled by incident solar X-rays or radiation 
from the Jupiter radiation belt. In order to fill the gap, 
higher-orbital electrons fall to lower orbitals and re-
lease energy in the form of photons that can be de-
tected and which are characteristic of each atom (see 
fig. 1). Such measurements can be applied to the main 
mineral-forming elements. The following functions 
shall be implemented for the instrument: 
• Scanning of the satellites’ surface in the X-ray 
spectral range of 500 eV to 10 keV 
(2.5 - 0.12 nm) with a spectral resolution of ap-
proximately 160 eV at 6 keV. 
• Indirect monitoring of incident solar X-ray flux 
and contribution from Jupiter’s radiation belt 
through a calibration target. 
• Binning and on-board histogramming of the 
X-ray spectra. 
• Providing data for map generation of elemental 
abundance (atomic number 8 - 32). 
Since the solar contribution will not suffice in the outer 
solar system during low activity phases to obtain a 
statistically significant and measurable amount of 
secondary photons at the detector, measurements rely 
predominantly on the PIXE-principle, i.e. proton- and 
electron-induced X-ray emission caused by Jupiter’s 
radiation belt (for an assessment of X-ray sources in 
the Jovian system see [5]). 
 
 
Figure 1 Schematic of an XRF process: (a) Absorption 
of an incident X-ray photon is used to expel an elec-
tron from the K-shell. (b) An electron from the L-shell 
fills the gap, the energy ΔEKL characteristic of the atom 
is released as a photon 
 
The XRF-J experiment consists of two subsystems: (1) 
an indirect monitor which incorporates sample targets 
for calibration of solar-induced X-Rays and PIXE, and 
(2) the main instrument targeted on the satellites’ sur-
faces. Field of view is limited by a collimator of gold-
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plated stainless steel. The detector consists of a mod-
ular swept-charge-device (SCD) frame array shielded 
by polyimide foil against visual and IR photons. Its 
design is modular in order to cope with the available 
S/C mass and power budgets. The geometric resolution 
will be in the order of 100 km from an orbit altitude of 
200 km. XRF-J shall achieve an integral count rate of 
up to 2×104 per pixel. 
 
 
Figure 2 Mechanical design of the XRF-J. At the cut 
collimators and detectors are visible [6]. 
 
Consortium: The scientific and engineering consor-
tium currently consists of investigators from institutes 
in Germany (FreieUniversität Berlin, EKTECH, Hoch-
schule für Technik und Wirtschaft/HTW, German 
Aerospace Center/DLR, Westfälische-Wilhelms-
Universität/WWU) and Russia (Vernadsky Institute of 
Geochemistry and Analytical Chemistry) as already 
initially defined in the context of the J-XRF LOI for 
the EJSM/Laplace mission. Investigations and lead 
engineering developments are coordinated at FUB. 
Developments are carried out in the X-Ray lab facility 
located at FUB with engineering and design support 
from EKTECH and HTW investigators. The constitu-
tion of the engineering and scientific consortium is not 
fixed at this stage and may change at the time of the 
response to the AO. 
Heritage and Funding Support: Initial instrument 
concept and design was proposed in the context of the 
German Lunar Exploration Orbiter (LEO) mission 
study and breadboard as well as core-unit develop-
ments have been supported by the German Space 
Agency. Mission and instrument designs were con-
cluded after LEO Phase A. Additional national funding 
for development has recently been granted for achiev-
ing TRL-5 within the next two years. Additional sup-
port will be requested for design adaptation (monitor, 
additional shielding) considered to be appropriate for 
the radiation environment defined in JS-14-09_i4.9 
Environmental Specification. 
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Introduction:  Biological and organic terrestrial con-
tamination of Martian atmosphere and/or terrestrial 
space through manned mission and backward biologi-
cal contamination of earth through returning 
crew/spacecraft from Martian or any other planet is an 
issue of serious concern.[1,2] We are proposing an 
atmospheric pressure plasma based sterilization pro-
cess to address both forward and backward biological 
contamination issues associated with both manned as 
well as unmanned missions.  
 
Applicability of low–temperature or cold plasmas (30-
50°C) created in a vacuum (67 Pa), as an effective 
sterilization source has been demonstrated.[3,4]  Cur-
rent theories regarding the physical basis of cold 
plasma sterilization are based on the effects of reactive 
oxygen species.[5]  This includes singlet oxygen, 
atomic oxygen, superoxide and ozone which are pro-
duced when molecular oxygen (O2) if present in the 
plasma discharge. Cold atmospheric pressure plasma 
discharge can be created using a very simple electrode 
configuration and are environmental friendly with no 
requirement for vacuum pumps. Reducing energy re-
quirements and simple equipment are keys to deploy-
ing this technology for space missions and in this re-
gard, atmospherice pressure operation, as opposed to 
vaccum, of low temperature plasmas may be ideal for 
the surface decontamination requirements for NASA 
Planetary Protection.  
 
Herein, we propose a novel atmospheric pressure 
plasma jet that can function as a sterilization shower, 
and is adaptable for any conceivable geometry or con-
figuration. The project is aimed at sterilizing the outer 
section of the astronaut’s space suit (with astronaut), 
in the airlock section of the crew vehicle, while the 
astronaut enters it from other planetary environment 
and also before leaving from the crew vehicle to other 
planetary atmospheres. 
 
The specific aim of this proposal is to characterize the 
molecular effects of cold atmospheric pressure plasma 
exposure in order to understand the requirements 











Figure 1.(Top) Schematic of atmospheric pressure plasma 
shower chamber (Bottom) photograph of atmospheric pres-
sure plasma focussed on a finger, demonstrating the low 
temperature nature of the plasma 
 
To study the effectiveness of the proposed work, a 
comparison will be made to that of dry heat microbial 
reduction. An atmospheric pressure plasma system is 
under construction and several designs of electrode 
configuration (flat and large area, circular, different 
sized nozzle) will be built to construct a plasma show-
er. As shown in Figure 1, the plasma jet consists of 
individual tubes of diameter ~ 1 cm.  A number of 
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Introduction:  Laser desorption/ionization time-of-
flight mass spectrometry (LD-TOF-MS) is a versatile, 
low-complexity instrument class that holds significant 
promise for future landed in situ planetary missions 
that emphasize compositional analysis of surface mate-
rials.  Here we describe a 5kg-class instrument that is 
capable of detecting and analyzing a variety of analytes 
directly from rock or ice samples.  Through laboratory 
studies of a suite of representative samples, we show 
that detection and analysis of key mineral composition, 
small organics, and particularly, higher molecular 
weight organics are well suited to this instrument de-
sign. A mass range exceeding 100,000 Da has recently 
been demonstrated.  We describe recent efforts in in-
strument prototype development and future directions 
that will enhance our analytical capabilities targeting 
organic mixtures on primitive and icy bodies.  We pre-
sent results on a series of standards, simulated mix-
tures, and meteoritic samples. 
Current Instrument Design:  The core instrument 
is housed in a high vacuum chamber, as shown in Fig-
ure 1, and includes an ultraviolet (UV) laser to desorb 
and ionize analytes from a solid surface, an electrostat-
ic ion extraction lens assembly, a curved field ion re-
flectron, and back-to-back linear- and reflected-mode 
microchannel plate detectors [1-3].  A pulsed (4-7 ns), 
frequency tripled (355 nm) or quadrupled (266 nm) 
Nd:YAG laser is focused at the sample to generate ions 
from a ~ 100 micron diameter spot.  The ions then sep-
arate according to their masses based on the TOF tech-
nique.  
Complementary data can be acquired through the 
close integration of other in situ sample interrogation 
techniques, such as infrared (IR) point spectroscopy.  
This is illustrated by the recent integration of an acous-
to-optic tunable filter (AOTF) spectrometer developed 
at New Mexico State University [4] with a LD-TOF-
MS prototype.  The illumination source of the IR spec-
trometer is wavelength-tunable in the near-IR using an 
AOTF module, and the sample reflectance is recorded 
using an HgCdTe detector (Teledyne Judson Technol-
ogies Company).  The resulting miniature AOTF spec-
trometer measures approximately 4.5” x 5” x 1.6” and 
was designed to fit into a 8” Kimball Physics vacuum 
chamber.  To truly integrate the two instruments, the 
focal planes are designed with a common boresight, 
such that the same region on the sample surface can be 
analyzed simultaneously by both techniques.  This re-
quired that the LD-TOF-MS ion inlet be made narrow 
enough to penetrate a bore-hole in the AOTF mirror 
assembly, as shown in Figure 2.  The sample focal 




Figure 1.  The LD-TOF-MS is a 5 kg-class instrument meas-
uring ~ 30 cm long.  Capabilities include positive and nega-
tive ion modes, advanced MS techniques such as tandem MS 
and L2MS, and demonstrated complementarity to other in 
situ analytical instruments, such as IR point spectroscopy. 
 
 
Figure 2.  The AOTF IR point spectrometer is housed in a 
volume of ~ 4.5” x 5” x 1.6”. Integration with the LD-TOF-
MS will enable coordinated, coincident sample analyses. 
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Recent Instrument Improvements:  Traditionally, 
mass spectrometers for planetary missions have fo-
cused on positive ion detection, but because both posi-
tive and negative ions are produced by the laser, the 
LD-TOF-MS is also naturally suited to negative ion 
analyses [5]. The laser pulse produces photoelectrons 
through interactions with the solid surface, and nega-
tive ions are formed through electron attachment to the 
desorbed neutrals.  In negative mode, the detector volt-
age bias is held constant, but the other instrument volt-
ages are adjusted to reverse polarity, to be optimized 
for the transmission of negatively charged species to 
the detector plane. 
The ability to acquire both positive and negative 
mass spectra point-by-point represents a significant 
enhancement in our analytical capabilities.  In positive 
mode, the mass spectra are often dominated by the om-
nipresent signatures of Na and K cations.  Because the 
ionization potential of these species is relatively low, 
these ions and molecular adducts are formed easily 
from most sample surfaces.  The dominant peaks that 
appear at m/z of 23 and 39 are often much higher inten-
sity than the analytes of interest. Na and K are not seen 
in negative mode and the obscuring effects are there-
fore avoided.  
Some classes of molecule are especially well suited 
to negative ion formation.  For example, we have re-
cently observed that negative ions are preferentially 
formed for carboxylic acids that are mixed with clays 
and other mineral matrices in laboratory simulants.  
The intact negative molecular ion is readily observed, 
whereas positive mode shows little evidence of the 
parent molecule.  Negative ion mode is also particular-
ly useful for detecting electronegative atomic and mo-
lecular species that may be present in planetary surface 
samples, such as described for the case of chlorine and 
perchlorate below. 
 
Future Directions:  Time-of-flight mass analysis is 
well suited to high molecular weight mass identifica-
tion.  In principle, the time-of-flight technique is unlim-
ited in mass range, i.e., the heavier ions simply take 
longer to reach the detector, without additional re-
quirements on the power supplies.  For this reason, the 
LD-TOF-MS is a promising instrument technology for 
advanced in situ organics analysis from solid samples.  
New proof-of-concept modifications to the core proto-
type have demonstrated advanced spectrometric capa-
bilities that will allow, not only the mass assignment 
from a complex mixture of organics, but also the pos-
sibility of molecular structure assignments. 
Tandem mass spectrometry. In commercial instru-
ments, tandem mass spectrometry, or MS/MS is used to 
isolate a particular mass of interest and intentionally 
induce fragmentation of that species to produce a type 
of molecular fingerprint.  The resulting fragmentation 
pattern can then be compared to published product ion 
data to assign a molecular structure to the mass peak. 
In practice, the parent molecular ion must be first se-
lected by ion gating before the fragmentation step.  Ion 
gating has recently been demonstrated in the miniature 
prototype shown in Figure 1.  The fragmentation pat-
tern is shown in Figure 3 for two peptide species that 
fragment spontaneously:  angiotensin II and polypro-
line (P14R).  The ability to focus both the parent ion 
and the fragments simultaneously relies on our unique 
curved-field reflectron.  Although this technique is 
widely used in commercial MALDI mass spectrome-
ters, to our knowledge, this is the first report of pseudo-
tandem MS on a miniature instrument. 
 
 
Figure 3.  A critical first step towards tandem MS capabili-
ties in a miniature LD-TOF-MS is this demonstration of ion 
gating.  For a mixture of angiotensin II and polyproline 
(P14R), a pulsed ion gate allows the isolation of each parent 
ion and its post-source decay product ions. 
 
In the near term, we will be integrating an induced 
fragmentation functionality to the miniature instrument.  
In addition to species that spontaneously decay, as 
shown in Figure 3, this induced fragmentation will en-
able generalized fragmentation analysis of a wide range 
of parent molecules. 
Two-step laser mass spectrometry. Another ad-
vanced MS technique that represents a new advance for 
these prototypes is post-ionization, or two-step laser 
mass spectrometry (L2MS).  In some cases, use of a 
single laser to desorb and ionize in one step leads to an 
excess of energy in the resulting molecular ion, which 
can produce undesirable fragmentation.  By decoupling 
the desorption and ionization processes, we are better 
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able to tune the laser energies to operate below the 
fragmentation threshold.  This is accomplished by us-
ing a lower-intensity infrared laser pulse to first desorb 
neutrals “intact” from the sample surface, followed by 
an orthogonal UV laser pulse to intersect the neutral 
plume to produce ionization.  L2MS offers the ad-
vantage of selectivity to aromatic compounds, as has 
been thoroughly demonstrated on laboratory-scale 
L2MS instrumentation [e.g. , 6-9]. In the miniature 
prototype, we have conducted L2MS studies of a mod-
el PAH, pyrene, to show that fragmentation can be 
minimized by operating the IR laser below the ioniza-
tion threshold and the UV laser just above the ioniza-
tion threshold [10]. 
 
Terrestrial Planets:  The mineralogy of solid 
planetary bodies is of primary interest as part of a land-
ed investigation.  Understanding the mineralogy of a 
sampling site gives valuable geologic and petrologic 
context for any compositional analyses that are under-
taken.  The insights enabled by spatially correlated LD-
TOF-MS and AOTF analyses produces clues to miner-
alogy by revealing the vibrational signatures of key 
functional groups, as well as the overall inorganic 
composition.  As a low-power screening tool, the 
AOTF capability offers information that supports sam-
ple composition, mineralogy, and organic content.  
Detailed analyses can then be conducted on a sample 
of interest using the LD-TOF-MS to produce in-depth 
compositional data from a solid or powdered sample. 
  Prior to integration of the AOTF spectrometer 
with the LD-TOF-MS prototype, a suite of mineral 
samples were analyzed in parallel by each instrument.  
The sample suite was selected to span major classes of 
mineral that would have implications for an aqueous 
geologic history: sulfates, carbonates, iron oxides, and 
clays.  A carbonate series is shown in Figure 4, as 
measured in LD-TOF-MS positive ion mode.   
As can be seen for siderite, magnesite, calcite, and 
dolomite, the cation is readily detected using LD-TOF-
MS.  With corroborative AOTF measurements, as 
shown in Figure 5, the –CO3 group is identified by a 
series of characteristic features in the IR spectrum, as 
indicated.  Taken together with LD-TOF measure-
ments, the two data sets strongly suggest source miner-
alogy and can reveal mass peaks originating from or-
ganic content. Although not shown here, we have 
found that the population of higher order oxides in the 
LD-TOF spectra is found to correlate with degree of 
hydration of the particular mineral, as verified by 




Figure 4.  LD-TOF-MS analyses of a suite of carbonate 
minerals allows identification of the cation composition in 
positive ion mode.   
 
 
Figure 5.  AOTF point spectrometer analysis reveals vibra-
tional signatures at IR wavelengths that identify carbonate 
groups in calcite, dolomite, and siderite. 
 
Perchlorate salt is an important species known to be 
present at the Martian surface.  We have conducted 
negative ion mode studies of perchlorate salt as a 
standard and in the presence of a clay mineral matrix 
with organic species added.  An example of this labora-
tory simulant sample is shown in negative mode in 
Figure 6.  With kaolinite clay as the mineral matrix, a 
1% NaClO4 solution was added to the clay and allowed 
to dry.  Finely ground phthalic acid powder was also 
added to the clay sample and mixed thoroughly.  In 
negative ion mode, the Cl isotopes are seen at m/z 35 
and 37, and the perchlorate anion is a dominant feature 
in the spectrum at m/z 99 and 101.  Even in the pres-
ence of perchlorate salts, the parent molecular ion of 
phthalic acid is observed at m/z 166.  This distin-
guishes LD-TOF-MS from other regolith analyzers, 
such as pyrolysis-mass spectrometry, which evolves 
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sample volatiles and decomposition products using 
prolonged application of heat.  This thermal decompo-
sition process may promote the degradation of organics 
that are co-located with perchlorate salts, thereby de-
stroying the structural information of the parent organic 
compound.  In contrast, LD-TOF-MS does not impart 
appreciable heat into the mixed sample and therefore 
preserves the organic parent ion. 
These classes of mineral samples are relevant ana-
logs for the surface of Mars and perhaps Venus.  It is 
worth noting that MgSO4 is also suspected of contrib-
uting to the salty deposits on the surface of Jupiter’s 
icy moon Europa.  Direct measurements of epsomite 
are planned for the near future.  
 
 
Figure 6.  LD-TOF-MS mass spectrum of kaolinite clay 
spiked with NaClO4 and phthalic acid shows clear signatures 
of Cl isotopes, the perchlorate anion, and the phthalic acid 
parent ion.  
 
Primitive and Icy Bodies: In a complex mixture, 
such as that seen for carbonaceous chondrite meteor-
ites, a mixture of organic compounds is present, which 
can lead to challenges in peak identification and the 
ability to resolve isomolecular interferences. The selec-
tivity of L2MS to aromatics effectively separates the 
aromatic composition from the mixture without the 
need for front-end chromatography.  This is shown in 
Figure 7 for a Murchison meteorite extract. The total 
organic extract (top) was first analyzed by LD-TOF-
MS (data from a commercial Bruker Autoflex Speed is 
shown here) to reveal the complexity of the mixture. 
Using GSFC liquid chromatography facilities, the non-
polar fraction was isolated and analyzed by the com-
mercial Bruker LD-TOF-MS (center).  The bottom 
spectrum shows the total organic extract, as measured 
by L2MS.  The mass spectrum shows striking similari-
ties with the LC-separated non-polar extract, suggest-
ing that L2MS effectively accomplishes this separation 
through the specificity of the two-laser pulse technique. 
 
 
Figure 7.  L2MS offers enhanced specificity to aromatic 
species within a complex mixture, such as is shown here for 
a Murchison meteorite total organic extract (LD-TOF-MS, 
top).  The L2MS spectrum (bottom) produces comparable 
information to that seen in a single-laser LD-TOF-MS analy-
sis of an LC-separated non-polar fraction (center). 
 
The Murchison meteorite is a representative sam-
ple, but only the beginning of analyses, relevant to 
primitive and icy bodies.  In future work, we plan to 
incorporate the capability to analyze icy surfaces to-
wards future mission opportunities to the icy satellites 
and primitive, icy bodies.  
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Introduction:  Liquid chromatography mass spec-
trometry (LC-MS) is a well established laboratory 
technique for detecting and analyzing organic mole-
cules.  This approach has been especially fruitful in the 
analysis of nucleobases, amino acids, and establishing 
chiral ratios [1-3].  We are developing OASIS, Organ-
ics Analyzer for Sampling Icy Surfaces, for future in 
situ landed missions to astrochemically important icy 
bodies, such as asteroids, comets, and icy moons. 
The OASIS design employs a microfabricated, on-
chip analytical column to chromatographically separate 
liquid analytes using known LC stationary phase chem-
istries.  The elution products are then interfaced 
through electrospray ionization (ESI) and analyzed by 
a time-of-flight mass spectrometer (TOF-MS).  A par-
ticular advantage of this design is its suitability for 
microgravity environments, such as for a primitive 
small body.  
 
Figure 1.  OASIS is an in situ capability for detection and 
analysis of small biologically relevant molecules on a future 
landed mission to a primitive or icy body. 
Instrument Design Overview:  The OASIS in-
strument is estimated to be a 5 kg-class instrument.  
The breadboard instrument design is shown in Figure 
1.  To start an analysis, ice melt is ingested into the 
instrument plumbing. Liquid flow of the analyte and 
the LC mobile phases is passively controlled by a pres-
surized gas cylinder and a series of valves.  The LC 
front-end consists of multiplexed chip-based analytical 
columns that span a broad stationary phase chemistry 
to  investigate a variety of organic species that are like-
ly to be present in an ice melt sample on a primitive or 
astrobiologically important planetary surface.  An elec-
trospray nozzle is interfaced to the inlet of a time-of-
flight mass spectrometer through a differential pump-
ing manifold, and a reflectron time-of-flight mass spec-
trometer enables the mass assignments within each 
elution peak for confidence in molecular species as-
signment. 
On-Chip Liquid Chromatography:  Our ap-
proach to on-chip LC analytical column fabrication 
focuses on overcoming two challenges:  (1) sustaining 
the high delivery pressures (> 5000 psi) needed for LC 
analysis and (2) maintaining organic cleanliness for 
high sensitivity and low background contamination.  
The chip itself is formed out of etched wafer die of 
silicon and glass that mate together to form a round 
cross-section channel.  The stationary phase mi-
crobeads are then introduced into the channel by a 
pressurized slurry packing method.  Once dried, the 
beads are held together and to the channel walls via 
van der Waals forces  forming a packed stationary 
phase that is robust to backpressure.  One such column 
is shown in Figure 2.  Commercial nanoferrule con-
nectors are used to interface between fluidic compo-
nents. 
  
Figure 2.  A microfabricated channel was packed with phe-
nyl-hexyl 5 µm microbeads. Analysis of a mixture of amino 
acid standards produced a resolved chromatogram, demon-
strating chiral separation in the case of valine. 
Demonstration of chiral separation.  A mixture of 
amino acid standards were analyzed in an on-chip ana-
lytical column (80 mm long x 75 µm diameter, phenyl-
hexyl column chemistry) using GSFC Astrobiology 
Analytical Laboratory (AAL) infrastructure to provide 
the backpressure, gradient elution, and laser induced 
fluorescence detection of retention time.  A chromato-
gram is shown in Figure 3 for a mixture of glycine, 
leucine, and D,L valine.  For this proof-of-concept 
demonstration, OPA/NAC derviatization was per-
formed, according to standard protocols of the AAL 
[1].  The elution peaks are well resolved for these three 
model amino acids, and chiral separation is shown for 
the enantiomers of valine.     
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Electrospray Ionization:  Our electrospray ioniza-
tion nozzle is microfabricated to produce a spray from 
the edge of a bonded chip [4].  The component-level 
demonstration is shown in Figure 3, where a Taylor 
cone is clearly visible.  We are currently addressing the 
challenge of interfacing this ambient-pressure device to 
the vacuum inlet of a time-of-flight mass spectrometer 
(described below).  Our design employs a combination 




Figure 3.  Electrospray has been demonstrated with an edge-
terminated nozzle design. Prototype nozzles are shown here, 
positioned at the inlet of a commercial mass spectrometer. 
Time-of-Flight Mass Spectrometer:  The mass 
analyzer employed on OASIS is derived from the TOF-
MS developed for the VAPoR (Volatile Analysis by 
Pyrolysis of Regolith) instrument, shown in Figure 4.  
The performance of this TOF-MS is currently in opti-
mization with an electron impact ionization source for 
analysis of pyrolysis products from regolith or crushed 
rock samples.  Thorough SIMION modeling  is used to 
simulate the ion trajectories in the instrument and has 
been used extensively by our group [5] to guide the 
design and operational configuration of the TOF-MS 
towards high sensitivity with sufficient mass resolution 
to address important science goals for the Moon and 
other airless bodies [6].   
 
Figure 4.  The VAPoR time-of-flight mass spectrometer will 
allow definitive mass assignments of the LC eluents.  It is 
currently being optimized for gas-phase analysis of pyrolysis 
products, but integrating an ESI interface is a goal of the 




A recent pyrolysis demonstration with JSC Mars-
1A regolith simulant has confirmed good agreement 




Figure 4.  Temperature dependence of time-of-flight mass 
spectra is shown for VAPoR pyrolysis oven temperatures 
ranging from room temperature to 980˚C. The temperature 
dependence of each mass peak can be used to infer, for ex-
ample, mineralogy, the presence of organics, and the degree 
of hydration. 
The mass spectra that contributed to this sample 
analysis are shown in Figure 5 as a function of oven 
temperature.  These data show better than unit mass 
resolution at the CO2 peak and a calculated mass reso-
lution exceeding m/Δm = 200. These electron ioniza-
tion spectra were obtained with the use of a large-area 
(2 mm x 60 mm emitting area) carbon nanotube field 
emission electron gun [7]. The integration of the ESI 
nozzle with the TOF-MS is a near-term goal, and we 
are currently using SIMION to ensure an optimized ion 
interface between the components. 
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Introduction:  Newly ionized atoms from plane-
tary sources that are picked up by the solar wind and 
carried into the heliosphere contain information on the 
plasma and dust compositions of their origin. These 
often singly charged pickup ions (PUIs) are collected 
by space-based plasma mass spectrometers and ana-
lyzed for their composition, fluxes, and distribution in 
both energy and velocity. There have been several 
successful PUI measurements from instruments de-
signed for work in planetary environments, providing 
important insights into atmospheric compositions and 
loss mechanisms of planetary bodies [1], [2], [3]. The-
se instruments have provided an exciting preview into 
the wealth of information contained in PUI data, and 
have laid the foundation for the next generation of PUI 
instruments. 
Many PUI measurements, however, have come 
from accidental measurements by instruments that 
were designed to perform a different task [4], [5]. The 
first interstellar PUIs were measured by an instrument 
designed to analyze artificially released particles in 
Earth’s magnetosphere [6], and the vast majority of 
heliospheric PUIs from all known sources (except in 
close proximity to comets and some planets) were dis-
covered by instruments designed to measure the com-
position of the solar wind [7], [8]. 
The instruments that made these “accidental” PUI 
discoveries were groundbreaking, but because they 
were not designed specifically for the low‐density, 
low‐charge PUI plasma, their sensitivity for detecting 
and resolving PUIs was limited. These instruments are 
primarily two‐stage analyzers; ions first pass through 
an electrostatic analyzer (ESA) where they are filtered 
according to their energy‐per‐charge (E/q), then their 
speed and energy are measured in a TOF‐E telescope. 
While present instrumentation has made large 
strides in the measurement and identification of PUIs, 
there are still limitations that affect the data analysis. 
Due to the relatively low fluxes of PUIs, high-
density solar wind ions with similar mass-per-charge 
(m/q) values can sometimes obscure the PUI signal. 
For example, pickup C2+ and solar wind Fe9+ have m/q 
of 6 and 6.22 amu/e, respectively, making them diffi-
cult to distinguish without an energy measurement, as 
shown in ACE-SWICS data of a January 2005 inter-
planetary coronal mass ejection (Fig. 1). This under-
scores the importance of a measurement of total energy 




Figure 1. Solar wind ions can overlap pickup ions 
when only E/q and speed are measured, as shown here 
for pickup He+ and C2+, overlapped by charge states of 
Fe. A measurement of total energy provides a third 
dimension to help differentiate between the ions. 
 
In the magnetosphere of Mercury, where measure-
ments are shielded from the bulk of the solar wind 
flow, the FIPS spectrometer on MESSENGER still 
measures only 0.5% of the incoming flux as planetary 
pickup ions; the rest is of solar origin [9]. To adequate-
ly identify the faint signal of pickup ions against the 
background of the solar wind, a larger sample size of 
ions must be collected by the instrument.  
In addition to the intrinsically low densities, low 
count rates in a sensor are due in part to the limited 
time it is able to spend analyzing each E/q step. For 
regimes in which the plasma characteristics change 
rapidly over time, high time resolution is critical. This 
can be accomplished by rapid scans through the energy 
range of an instrument, accomplished by stepping 
through a cycle of pre-set voltages in the ESA. How-
ever, the settling time of high voltage power supplies 
combined with the total scan time may reduce the 
available collecting time of the instrument, providing 
poor PUI statistics. 
These E/q stepping, combined with the instru-
ment’s orientation with respect to the PUI trajectories 
at any given time, combine to form the duty cycle of 
the instrument: the fraction of measurement time de-
voted to a given ion species. These challenges, the low 
duty cycle due to voltage stepping in the ESA, and low 
couting statistics due to low collected densities, are 
addressed in the Pickup Ion Composition Spectrometer 
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(PICSpec) design. The ESA of PICSpec can increase 
the collecting power of instruments like SWICS by a 
factor of 100x by increasing the geometrical factor (a 
metric of the collecting power due to hardware design) 
as well as the amount of time that the instrument can 
spend at each voltage step [10]. 
The large-gap ESA of PICSpec is optimized for 
planetary and cometary missions; capable of allowing 
ions into the instrument over a large range of energies 
in a single voltage step. Ions of different E/q values are 
separated spatially, rather than temporally, which elim-
inates the need for power-supply settling delays and 
increases the collecting power (Fig. 2). For example, 
the PICSpec ESA can cover in 3 voltage steps the 




Figure 2. Ion optics simulations of the ESA of 
PICSpec show an instantaneous energy range of 
E/q(max) = 3*E/q(min). Ion energies are determined 
by impact position at the right side of the figure. 
 
Prototype measurements of the PICSpec design 
have validated the E/q separation (Fig. 3). By using a 
position-sensitive detector in the time-of-flight section 
of the instrument, the ion impact location can be de-
termined unambiguously. The E/q resolution of the 
ESA is between 2.9-6.7% over the E/q range. 
 
Figure 3. Prototype measurements show a factor of 
3 in E/q can pass through the ESA at once; with ions 
of different energies separated by their impact posi-
tions. 
 
Ion composition instruments of the present genera-
tion have made pioneering measurements of PUIs, but 
are limited in their ability to fully characterize them. 
Instruments with high collecting power such as 
PICSpec, that are optimized for the complete charac-
terization of PUIs, including their energy distribution, 
will enable the next generation of TOF‐E telescopes. 
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Introduction: Measuring the chemical composi-
tion of planetary bodies and their atmospheres is key to 
understanding the formation of the Solar System and 
the evolution of the planets and their moons.  Moreo-
ver, in situ volatile measurements would enable a 
ground-truth assessment of the availability of re-
sources such as water and oxygen, important for a sus-
tained human presence on the Moon and beyond.  In 
situ analyses of the chemical and isotopic composition 
of the lunar regolith will be required to establish the 
abundance, origin, and distribution of water-ice and 
other volatiles at the lunar poles.  The Volatile Analy-
sis by Pyrolysis of Regolith (VAPoR) instrument is a 
compact vacuum pyrolysis mass spectrometer de-
signed to detect volatiles such as water and organics 
released from solid samples that are heated to tempera-
tures over 1300°C and is one technique that should be 
considered for future exploration of airless bodies in-
cluding the Moon and asteroids.  
There are at least three key lunar science measure-
ment objectives that can be achieved by the VAPoR 
instrument: (1) Measure the isotope ratios of carbon, 
hydrogen, oxygen, and nitrogen (CHON)-containing 
volatiles including water in polar regolith to establish 
their origin, (2) Understand the processes by which 
terrestrial organic compounds are dispersed and/or 
destroyed on the surface of the Moon to prepare for 
future human exploration and life detection on Mars, 
and (3) Measure the abundance of volatiles that can be 
released from lunar regolith for in situ resource utiliza-
tion (ISRU) technology development. 
Here we will describe the VAPoR instrument 
concept and key science measurement objectives 
enabled by high temperature pyrolysis and present 
recent experimental results obtained during NASA's 
2011 Desert Research And Technology Studies 
(DRATS) field campaign at Black Point Lava Flow in 
Arizona and the 2012 Moon and Mars Mission 
Activities(MMAMA) and RESOLVE field campaign 
in Apollo Valley at Mauna Kea, Hawaii.   
VAPoR Instrument:  The VAPoR flight 
instrument concept is shown in Fig. 1 and combines a 
sample carousel of up to six individually heated 
pyrolysis ovens with a reflectron time of flight mass 
spectrometer.  The VAPoR gas processing system 
includes two gas manifolds, heated transfer lines, and 
two separate gas reservoirs for calibration of the mass 
spectrometer and oxygen for combustion experiments. 
Powdered rock or soil samples collected from a rover 
or lander drill or scoop and delivered through the solid 
sample tube to one of the VAPoR ovens can then be 
heated by a controlled ramp from ambient to 
temperatures up to 1400ºC to release the volatile 
constituents for direct measurement by the mass 
spectrometer.  Two independent units have been built 
and tested to understand the performance of the 
different instrument components.   
  
 
Fig. 1.  Cross sectional view of the preliminary VAPoR flight in-
strument concept which combines a sample carousel containing six 
separate pyrolysis ovens integrated to a reflectron time of flight mass 
spectrometer for volatile analyses on the surface of planetary bodies 
throughout the Solar System. 
 
A laboratory breadboard was developed to test, opti-
mize, and calibrate the reflectron time of flight mass 
spectrometer (TOF-MS) component of VAPoR inside 
a separate vacuum chamber and is discussed in more 
and elsewhere [1].  A separate portable field unit con-
sisting of a custom made pyrolysis oven coupled to a 
commercial RGA quadrupole mass spectrometer, vac-
uum manifold and turbomolecular pumping station, 
was built to demonstrate the feasibility of conducting 
vacuum pyrolysis evolved gas measurements in the 
field and has been discussed previously [2]. 
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A separate portable field unit consisting of a cus-
tom made high temperature pyrolysis oven and six-
position solid sample manipulation system coupled to 
a commercial RGA quadrupole mass spectrometer, 
vacuum manifold and turbomolecular pumping station, 
was built to demonstrate the feasibility of conducting 
vacuum pyrolysis evolved gas measurements in the 
field and is shown in Figure 2.  
 
 
Fig. 2.  The VAPoR field instrument, which includes a new sample 
manipulation system and high temperature pyrolysis oven for 
evolved gas analysis of powdered solid samples. 
 
The instrument is set up to enable direct line of 
sight from the heated sample in an oven to the ioniza-
tion region of the RGA mounted at the top of the man-
ifold.  The RGA was setup to scan over the mass range 
1-100 amu during the pyrolysis heating experiment.  
The current VAPoR field instrument does not include 
the TOF-MS, which is being tested and optimized sep-
arately in a larger vacuum chamber at NASA GSFC. 
The custom VAPoR ovens are designed to bring 
solid samples up to a maximum temperature of 1400° 
C in order to release high temperature volatiles such as 
O2 and the noble gases Ar, Kr, and Xe. The oven de-
sign was based off of the design of the two flight py-
rolysis ovens in the Sample Analysis at Mars (SAM) 
instrument suite currently on the Mars Science Labora-
tory, but unlike the SAM oven design where a cup 
containing solid powder is raised up into the oven, 
sample can be dropped directly inside the VAPoR 
alumina crucible which enables direct heating of the 
sample and lower power to achieve the desired tem-
perature. 
Field Results: VAPoR evolved gas analysis EGA 
data obtained from a vesicular basalt collected from 
the Black Point Lava Flow in Arizona is shown in 
Figure 3.  The primary volatile released between 300-
600ºC was CO2 (m/z 44) derived from the breakdown 
of carbonate minerals and possibly some oxidation of 
organic matter in the sample.  Hydrocarbons were 
released from the sample at temperatures above 200ºC, 
consisting primarily of alkanes as indicated by 
characteristic alkane hydrocarbon fragment peaks at 
m/z 27 and m/z 30. Only trace levels of aromatic 
hydrocarbons (m/z 78, benzene) were detected in the 
sample.   Some of these organics were released over 
the same temperature range as the carbonate mineral 
decomposition and therefore may have been trapped 
within the carbonate mineral matrix.  The water (m/z 
18) peaks indicate the presence of multiple hydrated 
mineral phases, possibly hydrous oxides or 
phyllosilicates as well as hydrated sulfate minerals at 
trace levels, evidenced by the high-temperature SO2 
(m/z 64) peak seen at ~960ºC.   
 
Fig. 3. VAPoR evolved gas analysis of DRATS sample 0212, a 
vesicular basalt collected at Black Point Lava Flow in Arizona, 
showing selected inorganic and organic volatiles released from the 
sample as a function of sample temperature.  
 
Conclusions: In situ vacuum pyrolysis evolved gas 
measurements of the lunar regolith and other airless 
bodies including asteroids are needed to characterize 
and determine the origins of volatiles, particularly, 
water, an important resource for future human 
exploration.  Using the VAPoR instrument during 
NASA's 2011 Desert RATS field campaign, we 
successfully demonstrated that high temperature 
vacuum pyrolysis of solid samples to temperatures 
exceeding 1300°C coupled with line of sight detection 
of volatiles by mass spectrometry can be used for the 
identification of resources including water and oxygen 
in surface samples [3].  The inclusion of volatile 
analysis capability in the field and continued testing of 
instruments such as VAPoR in future field tests will be 
critical to the success of future robotic and human 
planetary resource exploration missions.  The 
development of sample collection protocols designed 
to minimize or eliminate contamination from  analyses 
such as those conducted by VAPoR are critical for 
future space exploration architecture planning.     
References: [1] Getty S. A. et al. (2010) 
International Journal of Mass Spectrometry 295: 124-
132 [2] ten Kate I. L. et al. (2010) Planetary and 
Space Science 58: 1007-1017 [3] Glavin D. P. et al. 
2012 IEEE Aerospace Conference, March 3-10, 2012, 
pp. 1-11, doi: 10.1109/AERO.2012.6187065. 
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 Introduction: Rover-based 2012 Moon and Mars 
Analog Mission Activities (MMAMA) scientific 
investigations were recently completed at Mauna 
Kea, Hawaii. Real scientific investigations, scientific 
input, and science operations constraints were tested 
in the context of an existing project and protocols for 
the field activities designed to help NASA achieve 
the Vision for Space Exploration. 
Science investigated: Several different 
investigations were done to determine key 
geophysical, geochemical properties and the 
geological context of the basaltic material and the 
samples gathered. The instruments used included a 
miniaturized Mοssbauer spectrometer (MIMOS II), a 
combined miniaturized-Mossbauer spectrometer and 
alpha proton x-ray spectrometer (MIMOS IIA), a 
magnetic susceptibility sensor, a ground penetrating 
radar, a 360 degree panoramic video camera, a GPS 
location sensor and a 3-axis accelerometer. 
Science Input: Initial traverse planning was 
completed based on the desired science and the 
expected outcomes. However, realtime constraints of 
rover mobility capability, probability of science 
instrumentation damage and available time resulted 
in significant changes to the initial plan. 
Science Operations: Initial science operations 
were planned based on a model similar to the 
operations control of the Mars Exploration Rovers 
(MER).  However, evolution of the operations 
process occurred as the analog mission progressed. 
We report here on the preliminary sensor data results, 
an applicable methodology for developing an 
optimum science input based on productive 
engineering and science trades discussions and the 
science operations approach for an investigation into 
the valley on the upper slopes of Mauna Kea 
identified as “Apollo Valley”. 
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Introduction:  Ground Penetrating Radar (GPR) is 
a mature technology widely used in terrestrial applica-
tions [1-4] and provides an efficient means for non-
intrusively defining subsurface radar properties corre-
sponding to structure (e.g., number and size of ejecta 
blocks, lava tubes, fractures) and stratigraphy to depths 
of up to tens of meters [e.g., 5-10] (Fig. 1).  
 
Figure 1. GPR transect across iron-rich volcanic cinders 
characterized by differing compaction and underlying basalt 
at Sunset Crater in northern Arizona. Transects completed 
using a commercial 400 MHz impulse GPR antenna (second 
from top) and prototype 600 MHz antenna developed for 
possible future rover deployment on the Moon or Mars (third 
from top) are shown with interpretation (bottom). 
GPR operates by applying a narrow energy pulse 
through an antenna placed near a surface of interest. 
The antenna acts as a band-pass filter and emits a sin-
gle sine wave cycle that is broadcast into the ground at 
wavelengths ranging from several meters to centimeters 
(tens of MHz to a few GHz). The longer the incident 
wavelength, the deeper the expected penetration, but 
the less ability to resolve closely spaced reflections 
created by geologic interfaces across changes in physi-
cal and electrical properties (e.g., composition). These 
radar reflections serve as diagnostic “fingerprints” that 
can help constrain the number and size of buried 
blocks, thickness and orientation of fractures, and ex-
tent of any layers associated with emplacement by dif-
ferent geologic processes (e.g., volcanic vs. impact). 
GPR penetration is influenced by moisture and compo-
sition (e.g., amount of iron or titanium-bearing miner-
als) and physical parameters (e.g., grain size and poros-
ity). The paucity of liquid water on many solar system 
bodies, reasonably low loss tangents on the Moon and 
Mars [e.g. 11-12], results from Mars orbital sounding 
[e.g. 13-14] and Earth-based radar studies [15, 16] 
imply GPR should function well on many bodies. Alt-
hough a GPR has not flown to the planets, the 
WISDOM GPR was selected to the PASTEUR payload 
on the ExoMars rover being planned for Mars [17]. 
The Strata GPR:  Strata is a low-mass (<3 kg), 
low-power (<7 W peak), and low-volume (~10,000 cc) 
impulse GPR (Fig. 2) capable of “peering” beneath the 
surface of solid solar system bodies and providing con-
text for the source, setting, and distribution of detec-
tions made by other instruments [18-19]. Strata design 
and development has been funded by multiple NASA 
programs and the instrument has been field tested and 
is ready for inclusion in the payload on a future mission 
to Mars, the Moon, or other solid solar system body.  
 
 
Figure 2. Basic components and deployment scheme for the 
Strata GPR. (a) STRATA block diagram with (b) a typical 
APL instrument digital processor unit (c) a view of the rover, 
and (d) packaging concept for the antenna assembly that 
would be mounted on the underside of the rover. DPU = 
digital processor unit.  
Strata (Fig. 2) consists of a low mass and low pow-
er digital processor unit and a set of loaded dipole an-
tennas operating at 400 MHz (75-cm wavelength). 
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With its high dynamic range (~110 dB), Strata should 
be capable of probing 10-15 m into the subsurface of 
Mars with a nominal resolution of less than 20 cm ca-
pable of defining stratigraphy and structure required to 
characterize geologic settings on solar system bodies. 
Strata’s antenna can be mounted above the surface 
on the belly of the rover (protrudes <10 cm) and oper-
ates well in high-loss settings characterized by iron-
rich substrates (Fig. 1). Positioning the antenna on the 
rover belly ensures it is not a hazard to rover opera-
tions and avoids obstructing the field of view of other 
instruments. Data requirements are low, with ~0.6 
MB/day expected (for 100 meter traverses). 
Science With Strata:  Strata can constrain the na-
ture of stratigraphy and surficial deposits along rover 
traverses and relate them to geologic setting. Strata can 
also help identify potential hazards to rover 
trafficability and assist in future human exploration of 
the solar system via helping to define resources/hazards 
(e.g., distribution of ice deposits and extent/thickness 
of near-surface fine-grained deposits on Mars).  
Strata will define shallow stratigraphy, thereby ex-
posing “virtual” outcrops in the near-surface that can 
be compared to more scattered, local outcrops and used 
in evaluating geologic setting. Without knowledge of 
how data from other rover instruments relate to the 
overall geologic evolution of a site, samples obtained 
for analysis can lack the context needed for accurate 
interpretation. Hence, Strata data are essential in tar-
geting samples for other investigations and can help 
locate the best samples for sample return to Earth.  
As an example, much of Mars is mantled by surfi-
cial deposits that modify, mask, and impede characteri-
zation of underlying deposits and structures diagnostic 
of high-priority target environments and can cloud in-
terpretation of intriguing geologic settings.  A signifi-
cant portion of the nominal mission of both MER rov-
ers was spent getting information about the nature and 
origin of any bedrock at the landing sites. This required 
traverses to locate, characterize, and access rocks that 
might record a water-lain history. Had Strata been in 
the MER payload, it would have made defining the 
distribution and character of bedrock more straightfor-
ward and helped guide the rovers to samples best suit-
ed to meeting mission objectives.  
Ongoing terrestrial work with GPR in impact, vol-
canic, and other settings all contribute to a growing 
database that can be used to distinguish settings en-
countered on Mars, the Moon, or other solar system 
body during future missions. For example, the inter-
preted distribution of blocks in impact ejecta at Meteor 
Crater, AZ, using a 400 MHz antenna (the same λ of 75 
cm as Strata) is 1.5-3 blocks per m
3
 in the uppermost 1 
m of the subsurface (and 0.5-1 blocks per m
3
 in the 
uppermost two meters), which is close to the in situ 
measured block distribution of 2-3 blocks larger than 
0.25-0.30 m per m
3
 [20]. This is roughly the detection 
limit to be expected from the λ/3 resolution approxima-
tion of the radar wavelength and indicates that the 400 
MHz GPR is characterizing the block population in 
ejecta. This population can then be compared to the 
distribution of blocks and radar stratigraphy mapped in 
alternate geologic settings or at other impact craters. 
Collectively, results from terrestrial analog settings will 
contribute to understanding the likely range in radar 
properties to depths of 10-15 m on solar system bodies 
and imply quantitative constraint of subsurface proper-
ties and related setting is possible using Strata.  
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Introduction. Electromagnetic (EM) sounding has 
been widely used to reveal Earth structure from depths 
of meters to hundreds of kilometers and has also 
probed the deep interiors of the Moon and the Galilean 
satellites [e.g., 1,2].  Next-generation planetary EM 
can advance our understanding of both the large-scale 
structure of satellites and terrestrial planets, as well as 
key shallower targets such as liquid and adsorbed wa-
ter, ice, and even microbial life. 
EM Methods [e.g., 3] fall into two broad catego-
ries  determined by the loss tangent tan δ = σ/εω, 
where σ is the electrical conductivity (S/m), ε is the 
permittivity (F/m), and ω = 2πf is the angular frequen-
cy (Hz). For tan δ  << 1, the EM signal is dominated 
by permittivity and propagates as a wave. In geophys-
ics, this is the realm of surface- or ground-penetrating 
radars (GPR). Radar has been useful for sounding the 
polar caps of Mars [4] and is very promising for the 
shells of icy satellites as well as imaging of the top 
several meters of planetary regoliths [e.g, 5,6].  Silicate 
crusts must be very dry for radar signals to reach kms 
or more [7]: theory [8] and observation [9] limit radar 
penetration on Mars to tens to hundreds of meters. 
Where applicable, high resolution is the main ad-
vantage of radar, although sensitivity to material con-
trasts is modest. 
For tan δ  >> 1, the EM signal is transmitted diffu-
sively and is dominated by conductivity.  Losses are 
very large but the penetration depth is large (1/e skin 
depth = 500/√σf, so inductive methods have greater 
exploration depth than the propagative methods. Fur-
thermore, sensitivity is high to temperature and com-
position, especially water [e.g., 10]. 
The inductive methods are bifurcated by comparing 
the source-receiver separation to the skin depth. When 
the separation is large (whether due to natural or artifi-
cial sources), the sounding is parametric in frequency: 
lower frequencies penetrate more deeply, and so the 
variation of EM response with frequency can be trans-
lated to the change in σ with depth.  Note that the skin-
depth effect implies that EM is not formally nonunique 
like gravity or magnetics. When the source-sensor sep-
aration is small, soundings are geometric with trans-
mitter and receiver positions. Now both σ and ε can be 
recovered as a function of frequency, but at greater 
resource requirements.  
Deep Sounding: Natural Sources. Prior EM stud-
ies of the Earth’s mantle, the lunar core, and the sub-
surface oceans of the Galilean satellites all exploit 
powerful, low-frequency (µHz-mHz) fields from plan-
etary magnetospheres or the solar wind. Next-
generation planetary soundings [10,11] can use estab-
lished terrestrial approaches that allow broadband 
measurements to be made from a single platform, par-
ticularly the magnetotelluric  method [Figs. 1,2; ref 
12]. Principal applications are the structure and tem-
perature of planetary crusts and mantles and the depth 
to subsurface oceans or groundwater. With lightning 
on Venus confirmed [13], the Schumann resonances 
are ready sources of EM energy that can penetrate tens 
of kilometers or more into the relatively dry interior, 
revealing lithospheric structure even from a balloon at 
55-km altitude [14]. 
Intermediate Sounding: Artificial Sources.  
Where natural sources are weak or absent, transmitters 
provide high SNR through both power and integration. 
The Time-Domain EM method (TDEM) uses a large 
loop to induce a time-varying magnetic field and has 
been used extensively for groundwater exploration.  
On Mars, TDEM could sense water to several km 
depth [Fig. 3, ref 15].   Optimally, if landed in a region 
of strong local crustal magnetism, the characteristic 
Larmor frequency of liquid water can be detected us-
ing nuclear magnetic resonance [16]. 
Shallow Sounding: Dielectric Spectroscopy.  
The amplitude and phase between an injected current 
and the measured voltage forms the dielectric spec-
trum. The Huygens Permittivity probe, Phoenix TECP, 
and Philae MUPUS are all fixed-geometry, restricted-
bandwidth sensors whose investigation depth is cm to 
tens of cm.  Larger electrode separations with variable 
geometry will enable full cross-sectional imaging [Fig. 
4], and broadband (~1 mHz to 1 MHz) measurements 
allow robust spectral deconvolution. DS is very sensi-
tive to H2O and can discriminate liquid, adsorbed, and 
solid states [17]. Several groups have considered DS 
for detection of H2O on Mars [18-21].  
Finally, cell metabolism involves transfer of elec-
trical charges and these charges can be probed with 
electric fields.  In the last decade or so, researchers 
recognized that microbial interactions with the geolog-
ic environment also produce electrical signatures, giv-
ing birth to the new field of biogeophysics [reviewed 
by ref 21]. Contemporary biogeophysics focuses on 
developing monitoring methods for environmental 
bioremediation and understanding microbe-mediated 
mineralization. Our calculations suggest microbial 
densities as small as 105 cells/cm3 may be detected on 
Mars beneath an irradiated and oxidized sterile layer. 
This is facilitated by the simpler discrimination of die-
lectric signatures in cold regions [17]. 
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Figure 4. Artist’s concept (D. Durda, SwRI) of dielectric 
spectroscopy on Mars. The electrode array must be at or 
near ground surface.  Here electrodes are metal surfaces 
on a weighted ribbon cable. This can be dropped and 
recovered without a launcher. Resolution is comparable to 
the electrode spacing.  Investigation Depth: proportional 
to the maximum electrode separation. The electrode array 
illustrated here could probe to a few meters depth.  Elec-
trodes incorporated into lander footpads or rover wheels 
would sense to tens of cm depth. Targets: ground ice, 
adsorbed water, density structure, electrical signatures of 




Figure 2. Concept for Mars Time-Domain Electromagnetic 
Sounder (TDEM) in stowed (left) and ready (right) posi-
tions.  Compressed gas (red cylinder) propels projectiles 
up to a few hundred meters, which spool out a closed, 
triangular wire loop.  Artificial source (alternating current / 
magnetic field) provides high SNR.  TDEM has high sensi-
tivity to conductive groundwater, but operation in presence 
of strong static magnetic field enables unique identification 
of liquid water by nuclear magnetic resonance. Investiga-
tion Depth: Tens of m to km. Target: Groundwater. TRL: 4-




Figure 3. Prototype spring launcher for electrodes (G. 




Figure 1. Schematic layout of complete natural-source EM 
sounder (magnetotelluric method) for a planetary lander.  
FGM and SCM together measure magnetic fields.  Electric 
fields are determined by voltage differences between elec-
trodes (red): because horizontal E-fields are small, long 
baselines are required.  Ratio of electric to magnetic field 
yields frequency-dependent impedance, and hence elec-
trical conductivity as a function of depth.  E-field sensors 
are ballistically deployed but can be deleted in special 
cases where source-field geometry is known. Investigation 
Depth:  Hundreds of m to hundreds of km. Targets: Upper 
mantle, crust, groundwater. Crustal temperature gradients. 
TRL: 7-9 for sensors, 4 for launchers. 
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Introduction: Io is the most geologically dynamic 
body in the Solar System. Its surface is covered with 
active volcanoes (the largest in the Solar System) with 
plume heights in excess of 400 km above Io's surface 
[e.g. 1]. High temperature lavas on Io resemble Ar-
chaean-aged komatiite lavas on Earth [2], and erup-
tions on Io are similar in scale to those of ancient ter-
restrial, Martian and Venusian flood basalts [3]. Vol-
canism is a key geological process, and Ionian volcan-
ism could be a potential laboratory for investigating 
early volcanic episodes and evolution on terrestrial 
planets.  
Based on the most recent planetary science decadal 
survey [4] and New Opportunities in Solar System 
Exploration (NOSSE) report [5], an Io Observer mis-
sion was included in the 2009 New Frontiers An-
nouncement of Opportunity [6]. The decadal survey 
called for the Io Observer to focus on determining Io’s 
internal structure and to investigate the mechanisms 
contributing to its extensive volcanic activity. The rec-
ommended mission payload consisted of a narrow an-
gle imager, thermal mapper, ion and neutral mass spec-
trometer, and a flux gate magnetometer.  
Here we propose an additional instrument that 
would enhance our understanding of Io—a dust ana-
lyzer—which would be capable of determining the 
composition of dust grains in Io's atmosphere and vol-
canic plumes, providing direct and indirect analysis of 
Io's volcanic activity as well as insights into Io's for-
mation, interior and surface structure, and atmosphere. 
Dust Analyzer: The proposed instrument is an im-
pact-ionization dust analyzer with time-of-flight (TOF) 
mass spectra capability, similar to the Cosmic Dust 
Analyzer (CDA) aboard Cassini (Fig. 1) [7]. A high 
velocity impact on the hemispherical target transforms 
the striking dust particle into a mixture of particle 
fragments and impact plasma. After separation by an 
electric field, ions and electrons are collected by sepa-
rate electrodes. To integrate a linear TOF mass spec-
trometer into the dust analyzer, the hemispherical im-
pact target has a chemical analyzer target with a biased 
grid directly above it. This grid accelerates the ions, 
which are focused into the multiplier yielding spectra 
for each impact. The proposed instrument will have 
dual polarity functionality in order to measure both 
positive and negative ion spectra.    
 
 
Utilization at Io: A dust analyzer is capable of di-
rectly and indirectly observing volcanic activity on Io, 
allowing for nearly continuous observations of vol-
canic activity throughout the entire orbit of the space-
craft (assuming a Jupiter-centric orbit due to radition 
conditions at Io). Near Io, other spacecraft instruments 
can directly observe Io and the dust analyzer can sam-
ple any material through which the spacecraft flies, 
such as a Io’s atmosphere, the plasma/neutral tori, or a 
volcanic plume. Indirectly, observations of charged 
dust grains may be made in other parts of the orbit 
when Io is not in view or is too distant to be observed 
by other instruments on the spacecraft. 
Volcanic eruptions on Io are a continuous source of 
dust in the Jovian system. Analysis of multiple vol-
canic plume observations indicate plumes may contain 
up to 10
6
 kg of grains ranging from tens to hundreds of 
nanometers in diameter [9]. Once in the plume, these 
grains may collect charge and eventually spiral out of 
the Jovian system under the influence of Jupiter’s co-
rotating electric and magnetic fields [10]. As demon-
strated previously with Ulysses [10], Galileo [11], and 
Figure 1. 
Schematic of the dust 
analyzer, showing 
both chemical ana-
lyzing target and 
non-chemical analyz-
ing target. [8] 
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Cassini [1], the trajectories of these particles can be 
correlated to Io origins using a dust analyzer. 
Science Return: The analysis of iogenic dust and 
volcanic ejecta provided by a dust analyzer provides 
information on  Io’s volcanic processes as well as Io's 
interior, surface, and atmosphere. The identification of 
silicates in plume ejecta will provide information about 
the type and distribution of Ionian magma, a topic cur-
rently debated by the scientific community [e.g. 12; 
13; 14; 15]. Varying silicate content between different 
plumes may indicate different volcanic processes, 
while similar proportions might point to a single domi-
nant volcanic process for Io, and potentially a central 
body of magma (e.g. a “magma ocean” [16]). 
Determining plume compositions could aid in re-
solving the question of whether sulfur or silicate vol-
canism dominates on Io. Earth-based spectral data 
points toward predominantly sulfur [e.g. 17], while 
Io’s bulk density and topography suggest abundant 
silicates [e.g. 18; 19; 20]. Lava flow temperatures on 
Io also point to silicates, as some measured tempera-
tures are too high to be molten sulfur (>800K) [21; 22].  
A dust analyzer can also be used to probe Io’s inte-
rior as it is capable of detecting volcanic crystal com-
pounds, as well as making measurements of specific 




. The identification 
of volcanic crystal compounds such as orthopyroxenes 
and the presence of alkali- or magnesium-rich silica 
can constrain models of the degree of melting and dif-
ferentiation that Io’s interior has undergone. Isotope 
ratios can provide information on Io’s formation and 
the state of its interior. Ratios similar to that of the 
solar nebula would indicate that Io’s composition is 
relatively primordial while differing ratios may be in-
dicative of an internal production process. 
Measurements of the particulate distribution of 
volcanic and impact ejecta from Io will aid in deter-
mining its mass flux and the density profile of Io’s 
atmosphere. The loss of volatiles from Io’s atmosphere 
can be investigated by identifying elements such as Na, 
K, Cl, and S in plume ejecta, as plumes are thought to 
be a primary source of Io’s transient atmosphere [23]. 
Conclusions: Inclusion of a dust analyzer on an Io 
mission will allow measurements of the composition of 
iogenic dust grains, and therefore help answer ques-
tions regarding Io’s formation, interior structure, vol-
canic mechanisms, surface chemistry and atmosphere 
put forward in the decadal survey. The breadth of re-
sults available from a dust analyzer make it an invalu-
able instrument on any future Io mission. 
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Introduction:  PLUME is a collection of small na-
dir viewing Fabry-Perot interferometer-based radiome-
ters/spectrometers that make simultaneous measure-
ments of key species: carbon dioxide (CO2), methane 
(CH4), water vapor (H2O), formaldehyde (CH2O), and 
“heavy” water (HDO). It was proposed for the for the 
ExoMars TGO mission but not selected. Most of the 
following discussion pertains to an orbit around Mars 
but clearly an instrument employing the same princi-
ples as PLUME could localize other species on other 
target objects. PLUME is engineered to quickly obtain 
atmospheric absorption spectra with high signal-to-
noise ratios so the key species can be detected and re-
lated to a specific position on the surface with a high 
precision (better than 3.5 km from a 300 km orbit 
around Mars). 
   
Figure 1. PLUME's 8 inch primary mirror collects 
reflected sunlight and directs it into 4 FP interfer-
ometers. The FP generated spectra are recombined 
onto 4 quadrants of a single HgCdTe focal plane 
cooled by the cryocooler located at the upper right. 
 
PLUME Science:  PLUME finds gradients in spe-
cies abundance that can be used to trace atmospheric 
gases back to their source. Localization and mapping 
of sources of methane is an essential component of any 
comprehensive investigation to discover life on Mars, 
and therefore PLUME could provide crucial infor-
mation for the selection of future Mars rover landing 
sites and the continuation of the search for life. In the 
last 6 years, four independent groups reported detec-
tion of methane on Mars. Almost all terrestrial methane 
is produced by living organisms, and there is no known 
process in the Martian atmosphere that can produce 
methane at any significant concentration. The known 
photochemical reactions in the Mars atmosphere 
should destroy methane in a time period of ~400 years. 
Therefore, there shouldn’t be any methane currently on 
Mars – unless there is some kind of source. Moreover, 
recent observations of methane show considerable var-
iability from place to place (spatial) and from time to 
time (temporal). For this to occur there must be a 
source plus some mechanism on Mars capable of de-
stroying methane hundreds of times faster than known 
photochemistry. PLUME provides the ability for an 
orbiter to locate methane sources and sinks, and to 
track methane variability and concentration, by observ-
ing the spatial and temporal behavior of plumes 
PLUME can measure the loss rate for methane. By 
correlating the loss rate with other features (e.g., sur-
face composition, dust loading, etc.), PLUME can help 
identify the fast loss mechanism.  
Water vapor is another key species for understand-
ing the current Mars environment and its history. It is 
the most variable minor constituent in the atmosphere 
of Mars, and is involved in various processes involving 
the polar caps, regolith, surface frost, cloud formation, 
and atmospheric chemistry. Its seasonal and latitudinal 
variations reach a factor of ten, with highest values 
reported in the summer at high latitudes. Various 
measurements have resulted in peak summer values 
varying by more than a factor of two. Additional meas-
urements with better precision showing variations with 
latitude, longitude, and season are badly needed. 
PLUME provides this context-forming data. The 
deuterated isotope (HDO) “heavy water” can be de-
tected by spectroscopy and has been measured on Mars 
from Earth observations on several occasions. [1] The 
ratio of HDO to normal water on Mars is roughly five 
times higher than is observed on Earth. Presumably, 
this reflects the temperature-driven relative rate of es-
cape from the planet. Variations in the HDO/H2O ratio 
have been observed both spatially and temporally. The-
se variations can be driven by temperature, but may 
also reflect the variety of sources of Martian water va-
por. PLUME measures the spatial and temporal varia-
tion of water and the HDO/H2O ratio with greater pre-
cision and higher spatial resolution than ever before. 
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Formaldehyde (CH2O) is expected to occur on 
Mars as an oxidation product for methane. If CH2O is 
only produced by the oxidation of methane, then its 
steady state value should be very small because it re-
acts very rapidly with other gases in the atmosphere 
and is destroyed. A reported detection at the 130 ppb 
level is now believed to be in error and so formalde-
hyde is included in the PLUME complement of species 
because of this controversy and knowledge of its abun-
dance can shed light on the rapid loss of methane need-
ed to explain the observed variability. [2] High values 
for CH2O would argue for additional sources on Mars–
an interesting result in its own right. 
Atmospheric scattering by dust in the Martian at-
mosphere is a problem for any instrument trying to 
make quantitative measurements of species abundance 
by optical methods. The last gas in the PLUME com-
plement, CO2, is the principle gas of the Martian at-
mosphere, making up roughly 95% of the total. Since 
the column content is known from models deviations 
from this value are a measure of the degree to which 
dust is influencing PLUME’s result. In cases of moder-
ate dust loading, PLUME uses knowledge of the effect 
of scattering on the CO2 value to improve the meas-
urement of the other key species. The variations in 
abundance observed for methane argue for localized 
intense sources that vary in strength over time. Such 
sources, in combination with local winds, will give rise 
to “plumes” that could be hundreds of km in length 
with increasing width and decreasing total abundance.  
PLUME generates “maps” of these plumes after only a 
few weeks of observations. Used in conjunction with 
global circulation models (GCM), PLUME’s maps can 
be used to place limits on the locations of sources 
(Where did it come from?) and on loss rates (Where 
did it go?). The variations in water vapor abundance 
can generally be explained by processes (freezing, 
condensation, etc.) that are well understood. Variations 
in the D/H ratio are more difficult to explain. Better, 
more-detailed information about the location of D/H 
variations, as well as improved precision of its meas-
urement, could enhance overall understanding of the 
behavior of water vapor on Mars and improve esti-
mates of its total abundance and the size and nature of 
past losses. PLUME’s ability to make rapid, quantita-
tive measurements of anomalies in the abundance of 
key trace gases would permit finer localization of 
sources of these gases. Photographic details of the sur-
face in the region of anomalous emissions obtained 
simultaneously would enable identification of surface 
features and structures responsible for release of these 
trace gases--invaluable information in planning landing 
sites for future landers and surface probes. 
PLUME’s spectral regions contain well isolated ab-
sorption lines for a number of additional gases that 
have never  been observed on Mars but that will 
contribute significantly to our understanding of the 
Martian atmosphere if they can be observed. These 
include HCN, C2H2, and NH3. In addition, PLUME 
will confirm the existence of several other notable gas-
es, including CH2O and 13CH4. 
H2O is known to be present on Mars at more than 
100 ppm. HDO has been observed at the 20-120 ppb 
range. CH4 has been measured from Earth by Mumma 
et al. [3] and by Formisano et al. using the Planetary 
Fourier Spectrometer on Mars Express. [4] Considera-
ble variability has been observed, but it is generally 
believed that there is an average abundance of ~10 ppb 
with seasonal/regional excursions of at least 35 ppb. 
PLUME can make measurements of CO2, H2O, and 
HDO with a precision exceeding 1% in one second. If 
CH4 is present at the 10-35 ppb level, as measured by 
others, PLUME can also measure CH4 with a precision 
of 1-2%. 
Over the course of a full Martian year mission, 
PLUME data would permit fine scale maps of the lati-
tudinal, longitudinal, and seasonal variation of 
these species. These maps can be used to elucidate the 
mechanisms of variability in these species. PLUME 
detects and measures very small quantities of several 
key trace species with one second of integration, during 
which time the satellite will move about 3 km. This is 
the basis of PLUME’s localization ability. For species 
present below the PLUME’s detection limits longer 
integration times, including multiple orbits, may yield a 
detection even at extremely low abundance.  
PLUME primarily addresses localization, which is 
of particular interest for the case of methane. Methane 
should not exist on Mars at all unless there are signifi-
cant sources located somewhere on the planet. Recent-
ly observed seasonal and spatial variability argue for 
loss mechanisms that are significantly faster than the 
photochemical processes believed to control methane 
as recently as five years ago. The existence of faster 
losses requires the existence of even larger sources 
than previously expected. If the sources for methane 
are local, then plumes of methane should exist, with 
extremely high mixing ratios that propagate around the 
globe, diffusing and suffering some type of loss. 
Performance simulations for PLUME’s methane 
channel predict that changes as small as 85 ppt in the 
total column of methane can be detected in roughly 1 
sec of observation time. This means that, with a 4 km 
diameter footprint and a satellite velocity of 3 km/sec, 
even a rather depleted plume should be detectable 
within a small region of the planet. Multiple passes 
over these plumes enables a characterization of their 
rate of loss, and, in  combination with circulation mod-
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els, would indicate the direction of origin. Even if the 
sources are sporadic, the accumulated detection of mul-
tiple plumes from the same source would enable locali-
zation of sources, a measure of their strength and the 
consistency of their strength, and a measurement of 
their chemical loss rates as well as any geographic var-
iability in the loss rates. If plumes exist for water or 
any of the other 
gases in PLUME’s measurement complement, the in-
strument will also be able to localize these within the 
obvious constraints on their strength.  
 
Conclusion: To summarize PLUME measures the 
temporal and regional variation for a number of key 
trace gases in the Martian atmosphere. PLUME enables 
creation of a surface map showing the location and 
magnitude of the variations. PLUME enables the use of 
global circulation models to trace back the trajectories 
of these surface anomalies to identify their origin and 
attempt to connect them with surface features. Finally, 
PLUME allows the use of the observed patterns of dif-
fusion and loss for these anomalies to improve our un-
derstanding of the nature of the processes affecting 
these gases at the surface and within the atmosphere. 
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Introduction:  The following abstract is based on a 
feasibility study for a micro return capsule (Mikro-
Rückkehrkapsel, or MIRKA2) carried out in April of 
2012 at the Institute of Space Systems (IRS) of the 
University of Stuttgart, in Germany [1]. This study 
proved the feasibility of a worst case scenario for a 
small spherical capsule for atmospheric re-entry re-
search. In addition, a second design based on the Cu-
besat form-factor was developed for the Cubesat Ap-
plication for Planetary Entry (CAPE) mission’s pro-
posal to the NASA Office of Chief Technology Edison 
announcement. 
The research focus of IRS includes, among others, 
the qualification of heat-shield materials and the de-
velopment of flight instrumentation. In the past, the 
IRS has participated in the following re-entry missions: 
X38[5], EXPRESS [8], EXPERT [2], SHEFEX II [5] 
and the first MIRKA [3]. Furthermore, the institute 
took part in the airborne observation missions of the 
re-entries of STARDUST [4], ATV “Jules Verne” [4] 
and HAYABUSA [5]. Building on this experience, the 
current mission has been designed to test and verify the 
new Resin Impregnated Carbon Ablator (RICA) mate-
rial [6], developed by NASA Goddard and the IRS, 
and to validate a new miniaturized entry vehicle. 
 
Motivation:  One of the main objectives of the re-
entry mission is the flight qualification of a new Ther-
mal Protection System (TPS) material developed by 
NASA Goddard Space Flight Center (GSFC) and the 
IRS in Germany. The Resin Impregnated Carbon Abla-
tor (RICA) is a high-temperature ablator tested for 
hyperbolic entry into Saturn’s moon Titan and other 
planetary atmospheres, including Earth’s re-entry. By 
far, this TPS also supports the application of CubeSats 
as entry vehicles for atmospheric research, a signifi-
cant objective that brings planetary entry exploration 
within the reach of University-financed research pro-
jects. Other objectives are the validation of existing 
numerical atmospheric re-entry models; technology 
demonstration of commercial off-the-shelf (COTS) 
products exposed to extreme environments; and utili-
zation of Analog Resistance Ablation Detector 
(ARAD) sensors for the RICA material. 
 
Mission Description:  MIRKA2 is expected to 
slowly spiral down from a 400 km circular orbit, and 
re-enter Earth’s atmosphere on a shallow flight path 
angle. It will communicate via a relay (carrier) space-
craft from which it separates prior to re-entry. In order 
to determine the possible mission trajectories, simula-
tions were performed with the IRS’ in-house simula-
tion tool REENT [7], which uses the atmospheric 
model NRLMSISE-00 with F107, F107A, and AP set 
to 150, 150 and 4, respectively, a gravitational model 
including J2 to J4 perturbations, and using Earth cen-
tered coordinates for the integration of the equations of 
motion.  
The assumptions made for the calculation are as 
follows: 
• Launch in September 2014, at 40º inclination. 
• Propulsive deorbiting with 1 mN thrust and an 
Isp of 850 s, with an on-off duty cycle of 50% 
over an 85 minute orbit. 
• CD of the joint system during deorbit is 2.3. 
• CD of both the re-entry capsule and carrier 
spacecraft after separation is 1.5. 
• ∆v at separation is 5 m/s.  
The variation of the vehicle’s drag coefficient over 
altitude is modeled by adjusting the atmospheric den-
sity from its nominal value, +/-80%. 
Figure 1 depicts the mission duration for various 
densities of the atmosphere. The difference between 
the worst case and best case assumptions with respect 
to mission duration is approximately 3.5 days, 
17.5 days being the longest mission and 14 days the 
shortest. 
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 Figure 1: Mission Duration for various atmospheric densi-
ties with a duty cycle of 50% of an orbit 
 
The separation from the carrier spacecraft is de-
fined to occur at an altitude of 110 km, whereas the 
entry phase ends at an altitude of 20 km. The maxi-
mum deceleration in the worst case for a variation of 
the atmosphere density of -80% is approximately 12 g 
for an entry velocity of approximately 7.3 km/s. 
Figure 2 shows that variations of atmospheric den-
sity do not lead to significant changes in the peak con-
vective heat flux (approximately 1.8 MW/m²). How-
ever, the phasing of the peak does change significantly. 
 
 
Figure 2: Heat flux and stagnation point pressure over the 
entry phase time for various atmospheric densities [1] 
 
Capsule design:  The aeroshell design presented 
here is driven by the Cubesat form-factor constraints, 
whereas the subsystem arrangement is defined by the 
requirement to situate the Center of Gravity (CG) as 
much forward of the Center of Pressure (CP) as possi-
ble to ensure a stable flight. 
 
TPS Heat Shield:  The main objective of the 
Thermal protection system (TPS) is to withstand the 
thermal loads during re-entry. The TPS heat shield 
consists of three different layers: an outer layer 5 mm 
thick made of the RICA ablator material, a variable 
thickness low-density insulator (DLR), and the “cold” 
aluminum structure with a thickness of 3 mm. Proper-
ties of the insulator materials are given in Table 1. 
 
Table 1: TPS Material characteristics 
 
 RICA Low-density 
 insulator 




5.2 – 8.1 
(Max 17) 0.15 
Specific Heat 
 [J/(kgK)] 1400 800 
Heat of  
ablation [MJ/kg] 77 - 178 -- 
 
Thermal Analysis:  For the thermal analysis a 
convective heat flux of the trajectory with 0% variation 
of the assumed atmospheric density is used. Since the 
distribution of the convective heat flux is not known, 
the peak heat flux is imposed to the surface at the stag-
nation point over 25% of MIRKA2’s spherical nose, 
and half is imposed on the rest (consistent with analy-
sis from the European reentry capsule EXPERT). 
Based on these boundary conditions, and assuming 
radiative cooling alone, the temperature distribution 
over the surface is shown in Figure 3 for the CAPE re-
entry capsule. Once ablation is entered into the model, 




Figure 2: MIRKA surface Temperatures at Peak Heating 
(radiation cooling alone) 
 
Instrumentation:  During the spiral-down phase, a 
pair of Flux (Φ) Probe Experiment (FIPEX) sensors 
gathers information about the atomic oxygen and at-
mospheric density. Accurate measurements of tri-axial 
and rotational acceleration forces give the opportunity 
to describe the time profile of attitude and altitude, and 
to characterize high and low-altitude atmospheric 
properties. The probe enters the denser atmosphere at 
about 100 km where the second series of measure-
ments begins. The heat load is recorded by five pairs of 
thermocouples. Ablation processes along the probe 
189International Workshop on Instrumentation for Planetary Missions
body are traced by three ARAD sensors, which meas-
ure the regression of the ablator. Possible sublimation 
and ionization of the heat shield material is observed 
by a radiometer placed at the stagnation point. This 
measurement location is also used by a pressure gauge. 
The data is stored and transmitted by a small onboard 
computer, allowing communication with the host satel-
lite via radio link. A global positioning System (GPS) 
tracker is used to trace the flight path and to update the 
Inertial Measurement System (IMU). 
 
Instrumentation for main mission objective.  Since 
qualification of the new RICA material is one of the 
main scientific objectives, it is essential to measure the 
distribution of temperature and heat flux over the 
probe. In addition, TPS material recession rate will be 
measured using direct and indirect methods. Sensor 
locations are is shown in Figure 4. 

Figure 3: MIRKA2 sensors and their location 
 
To measure the temperature profile inside the TPS 
layer, ten thermocouples (Omega P30R, Type B, op-
erational at temperatures of up to 1800 ◦C) are distrib-
uted within the material. The thermocouples are ar-
ranged in pairs in two different depths inside RICA. 
These pairs are distributed over the surface at five 
positions, allowing measurement of the temperature 
distribution over the surface and over time. The ther-
mocouples are arranged in a spiral configuration to 
reduce the influence of unsymmetrical heat fluxes due 
to aerodynamic effects during re-entry. It is important 
that the exact position of each thermocouple be deter-
mined after integration via X-ray or Computed Tomo-
graphy (CT), in order to minimize measurement errors. 
A pressure transducer (Measurement Specialties 
EPIH, Range 0 bar to 0.35 bar) will be used to record 
the total pressure at the stagnation point area. In order 
to detect pressure oscillations, which might occur due 
to tumbling, a second pressure port is needed in an off- 
stagnation point location. By using static pressure 
values from atmospheric models, which are relatively 
well known for altitudes below 100 km, the dynamic 
pressure at each point of the re-entry trajectory can be 
extrapolated. 
The recession rate of the RICA material will be 
measured by three ARAD sensors. Each ARAD device 
consists of a narrow rod made of the ablator material 
itself (carbon fiber phenolic) wrapped with alternating 
layers of insulating tape (Kapton), Platinum-Tungsten 
wire, another Kapton layer, and Nickel ribbon (Figure 
5). The measurement methodology is based on the fact 
that char produced by ablated Kapton is electrically 
conductive. Excited by a constant current the Plati-
num-Tungsten wire and the Kapton char complete the 
circuit. With the ablator thickness decreasing in time, 
the Platinum-Tungsten wire shortens and therefore its 
resistance decreases. By measuring the voltage across 
the Nickel sensing wire and the Platinum-Tungsten 
wire, the recession rate of the RICA material can be 
determined [9]. The working principle of ARAD sen-
sors is illustrated in Figures 6 and 7. ARAD sensors 
have flown on the Galileo Space probe [10]. Before 
using existing ARAD hardware on MIRKA2 however, 
it is necessary to ascertain whether the sensor shows 
recession characteristics similar to RICA. Otherwise 
the core material would need to be modified from the 
original carbon fiber phenolic to RICA or a material 
with compatible thermal behavior. Qualification of the 
ARAD sensor for mid-density ablator materials up to 
TRL 6 has already been performed by NASA Ames 
Research Center [10]. In MIRKA2, one ARAD sensor 
is installed at the stagnation point and two at different 
positions within the TPS in order to acquire data on the 
ablation rate distribution (Fig. 4). 
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Figure 7: Electrical Scheme of ARAD Sensors [11] 
 
One of the reaction byproducts of the ablation pro-
cess is CN, which radiates strongly in the wavelength 
range from 320 nm to 440 nm. The radiation intensity 
at the stagnation point is hence measured by a thermo-
pile sensor (Dexter 2M thin film), with a filter tuned to 
these frequencies. This measurement enables a com-
parative decomposition between carbon recession, and 
the overall recession of the ablator. 
 
Additional Measurement Instrumentation.  Due to 
the relatively long duration of the de-orbit phase, the 
capsule will spend most of the mission time in the 
upper regions of Earth's atmosphere. The atmospheric 
models for these regions are not as well developed as 
those for lower altitudes. This fact, combined with a 
very conservative capsule design in terms of available 
electrical energy, provides an opportunity for studying 
the upper regions of the atmosphere using solid elec-
trolyte gas sensors, called FIPEX. These sensors are 
capable of measuring the concentration of either atom-
ic or molecular oxygen. By using two sensors it is 
possible to gather information about the gas composi-
tion of the upper atmosphere at different altitudes, 
which adds value to the scientific objectives of the 
mission. 
 
Position and Attitude Determination.  A GPS re-
ceiver will be used to record the capsule trajectory 
during re-entry. This is required in order to precisely 
correlate sensor data to a specific point in the trajec-
tory. Other tasks for the GPS receiver are to correct the 
Inertial Measurement Unit (IMU) drift errors, and to 
trigger all remaining sensors once the capsule is below 
110 km. The GPS-receiver is flight-qualified and built 
by DLR Oberpfaffenhofen [12]. 
Common IMUs are relatively large and heavy. Ad-
vances in the field of solid-state technology allow for 
small, laser-based gyroscopes and accelerometers. 
Current devices have reached high accuracy and their 
commercial use in modern game controllers has led to 
cheaper prices. The state of the art ST Microelectronics 
STM32L141 combines the function of gyroscopes and 
accelerometers in one small unit. This leads to a drastic 
reduction in size and power requirements. The IMU 
allows high accurate measurements along all three 
translational and rotational degrees of freedom, and 
will be used to record MIRKA2’s attitude and decel-
eration at all times in the trajectory and during radio 
blackout. When the GPS signal is lost during blackout, 
the IMU is also used to determine the position and to 
estimate the trajectory by dead reckoning. 
 
Auxiliary Subsystems.  Miniaturized bus subsys-
tems are essential in enabling the measurement objec-
tives of MIRKA2. 
Electrical power is supplied by two Li-SOCl2 bat-
teries (SAFT LSH 20) with high nominal power output 
as well as a high capacity. A DC/DC converter (Aero-
flex VRG8662) will ensure that all electronic systems 
are supplied with the proper voltage, whereas an am-
plifier (Aeroflex RHD5900) will boost the current or 
voltage outputs of the analog sensors. 
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The onboard computer (OBC) is a small microcon-
troller (ST Microelectronics STL32L152xx). In addi-
tion to handling and processing digital data, this device 
features integrated Analog-to-Digital converters 
(ADC), and is used to process all analog sensor data. 
The transmitter constitutes the only means of re-
trieving sensor data as a recovery of the capsule after 
impact is not planned (would obviously be the case for 
a planetary entry mission as well). For the data trans-
mission to the carrier spacecraft a Cadet Nanosat Ra-
dio manufactured by L3 Communication Systems-
West is used as a baseline. A backup transmitter from 
European manufacturers, e.g. Clyde-Space, may be 
used if there are ITAR concerns. Although the Clyde 
transmitter has a lower mass and power need, it can 
only broadcast about half the data rate of the Cadet 
Nanosat Radio. Nevertheless, due to a comparably 
small amount of data, the transmission can be com-
pleted in a short time period and this is a viable alter-
native. 
Finally, a heating unit has to be used to ensure the 
probe’s internal components remain within safe operat-
ing limits. Heating units are available in small sizes, 
and a candidate is the Polyimide Thermofoil™ heater 
model HK5160R157L12 from Minco, with dimensions 
of 12.7 mm x 2.4 mm, a power draw of 1 W at 5 V, an 
effective area of 0.84 cm², and an electrical resistance 
of 25 ohms. 
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Introduction: We are developing a concept for a 
compact, low-mass, low-power, mid-infared (MIR; 5-
12 µm) imaging heterodyne spectrometer that inco-
porates fiber optic coupling, Quantum Cascade Laser 
(QCL) local oscillator, photomixer array, and Radio 
Frequency Software Defined Readout (RFSDR) for 
spectral analysis. Planetary Decadal Surveys have 
highlighted the need for miniaturized, robust, low–
mass, and minimal power remote sensing technologies 
for flight missions. The drive for miniaturization of 
remote sensing spectroscopy and radiometry tech-
niques has been a continuing process. The advent of 
MIR fibers, and MEMS techniques for producing 
waveguides has proven to be an important recent ad-
vancement for miniaturization of infrared spectrome-
ters. In conjunction with well-established photonics 
techniques, the miniaturization of spectrometers is 
transitioning from classic free space optical systems to 
waveguide/fiber-based structures for light transport and 
producing interference effects. By their very nature, 
these new devices are compact and lightweight. Mercu-
ry-Cadmium-Teluride (MCT) and Quantum Well Infra-
red Photodiodes (QWIP) arrays for heterodyne appli-
cations are also being developed. Bulky electronics is 
another barrier that precluded the extension of hetero-
dyne systems into imaging applications, and our 
RFSDR will address this aspect.  
Heterodyne Spectroscopy: In a classical hetero-
dyne system, the telescope beam is mixed with a nar-
row line width, frequency stabilized, laser to produce a 
beat frequency which is detected by a detector with 
sufficient time resolution. The beat, or difference, sig-
nal contains the frequency and intensity information of 
the MIR source. The source spectral region in the vi-
cinity of the laser is down-converted to the radio fre-
quency (RF) region. The high precision analysis of this 
RF signal has generally involved bulky systems. Multi-
channel spectrometers have been employed in ground-
based investigations of high-precision gas phase mo-
lecular ro-vibrational line-shapes at sub-Doppler reso-
lution (1-25 MHz or 0.00003-0.0008 cm
-1
) to study 
atmospheric trace gas composition, dynamics, and 
thermal structure of Venus, Mars, Jupiter, Saturn, Ti-
tan, Sun and Earth [1].  Most of these were powered by 
highly stable, but bulky, gas lasers. Modern Quantum 
Cascade Laser (QCL) manufacturers offer small foot-
print and lighter packages for use as  the local oscilla-
tor (LO).  
Towards an Imaging System: Heterodyne imag-
ing system have been anticipated for some time [2]. An 
advantage of the heterodyne technique is the ability to 
probe frequency bands in the limit of the Doppler 
broadened line width or LO line width. Such a device 
can select a specific ro-vibrational transition from a 
single molecular species (Fig. 1), free of contamination 
from other species, for rapid imaging of a scene in a 
narrow band. In an operational mode in which data rate 
is constrained by telemetry, a nadir-looking spacecraft 
telescope can sample a broad swath in a narrow fre-
quency band to identify spatial irregularities; the sen-
sor’s ReadOut Integrated Circuit (ROIC) can be used 
to interrogate pixel groups and the Digital Signal Pro-
cessor (DSP) will filter the appropriate frequency range 
corresponding to the software-defined narrow band. In 
another mode, the system can scan the spectral line 
region by tuning the operating frequency of the QCL 
local oscillator. The operational wavelengths in the 5-
12 µm range permit observing the thermal radiation of 
target sources for source characterization in daylight 
and at night. The RFSDR can also be used in frequen-
cies extending to the FIR/sub-mm regions.  
Sampling the Image: Low attenuation MIR optical 
fibers (Silver-Halide and Chalcogenide) and couplers 
 
Figure 1: Earth atmosphere in solar occultation 
(simulated). Each trace corresponds to a different tangent 
altitude in km. The blue and green boxes represent se-
lected band-passes (width 300 MHz= 0.01 cm-1) that 
isolate a unique O3 line and wing region to study the 
molecular feature as a function of altitude. Although this 
example shows a ±0.1 cm-1 bandpass, the spectrometer 
can measure a variable bandpass or simply narrow spec-
tral regions of interest.  
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are now commercially available. In our design, the 
telescope field of view (FOV) is delivered to a bundle 
of MIR fibers (Fig. 2). Each fiber samples a diffraction 
limited spatial region of the telescope FOV. The QCL 
signal is also sampled by a bundle of MIR fibers. The 
individual fibers are combined using fiber couplers. A 
third bundle of fibers carries the combined signals. The 
latter fiber bundle couples to the photopixer (MCT or 
QWIP) pixels either via a lenslet array or an ensamble 
of tapered waveguides arranged to directly illuminate 
the photomixer pixels. The signals from the photomix-
er pixels are processed by the RFSDR.  
Processing the RF response:  A number of tech-
niques have been developed for the analysis of the RF 
difference signals generated the photomixer. For ex-
ample, an bank of analog filter were used in our heter-
odyne spectrometers [1]. Other techniques include 
Acousto Optical Spectrometer (AOS) [3], autocorrela-
tor, and Chip Transform Spectrometer (CTS) [4]. We 
employ a Fast Fourier Transform based approach. 
RFSDR Operational Principle:  The function of 
the Radio Frequency Software-Defined Readout 
(RFSDR) is to process and present, in real time, the set 
of absorption spectra from the photomixer pixel array 
(Fig. 2). The heterodyned response results in frequency 
bandpasses in the GHz regime. Controlled by an 
onboard high-speed microcontroller, the amplified 
times-series voltages of the user-selected pixels are 
multiplexed by the FPA to a 4GSPS ADC — after anti-
alias filtering and post amplification. The 12-bit digital 
samples are queued into a high-speed FIFO memory 
buffer, retrieved by the micro-controller, and routed by 
it in packets via a standard communications (fire-
wire/USB) interface to a remote computer, along with 
header and housekeeping data. The application-specific 
software restores the packets into continuous time-
series streams for each selected pixel and digitally 
transforms these streams into the frequency domain. 
After windowing, the results are routed to a number of 
multi-tapped FIR bandpass filters in which the center 
and bandwidth frequencies can be selected in order to 
view specific regions of the frequency or wavelength 
spectra. The incoming packets are also stored to file for 
playback of the data. 
Applications:  As shown in Fig. 1, the spectrome-
ter can be used in narrow band imaging applications 
where telemetry in limited but the science calls for con-
tinuous monitoring of spectral lines. Since the time 
series data stream from the array pixel is digitally pro-
cessed, in cases where telemetry is not constrained, the 
full pixel-by-pixel spectrum within the bandpass can be 
returned. The thermal background is removed by chop-
ping at low rates (~5 Hz) between source and back-
ground using a mechanical chopper or shutter. ROIC 
integrated photomixer arrays will permit addressing of 
individual or groups of pixels.  
References: [1] Kostiuk T. (1994) IR. Phys. Tech., 
35, 243. [2] Hutchinson, D. P., Richards, R. L., Simp-
son, M. L. (1998) OSTI, 1998-03-01. [3] Sonnabend 
G. et al. (2005) A&A, 435, 1181. [4] Villanueva G. L. 
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Figure 2: Functional block diagram of the spectrometer components. The telescope and QCL signals are sampled by fibers, com-
bined and presented to the photomixer pixels. Difference signals are de-multiplexed, transformed to the frequency domain, win-
dowed, and filtered at spectral regions of interest. 
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Introduction:  Titan’s lakes are a primary target 
for future Titan exploration, and serve as a nexus for 
the complex chemical interchanges between the surface 
and the atmosphere.  The lakes are a repository for the 
products of atmospheric chemistry, interconnecting 
Titan’s geology, atmosphere, and astrobiological po-
tential.  Detailed chemical analysis is thus a goal of any 
mission to the lakes.  Standard organic analysis tech-
niques, such as gas chromatography and mass spec-
trometry (used by the petroleum industry in the analy-
sis of liquid natural gas), require acquisition and trans-
fer of a sample to the analytical instrument.  This is 
problematic, when one considers the difficulty and 
complexity in transferring, without significant altera-
tion, a 94 K liquid methane/ethane sample into the 
warm interior of a spacecraft.  Volatilization, exsolva-
tion and fractionation during sample handling are ma-
jor obstacles to overcome.  The alternate methodology 
proposed here is to use spectroscopic methods for 
analysis.  These methods can operate through fiber 
optics, and enable analysis of a lake sample without 
alteration. 
Table 1 outline some advantages of the proposed 
concept.  By utilizing both ultraviolet and infrared 
spectroscopic probes, various chemical classes can be 
targeted with high sensitivity.  Ultraviolet spectroscopy 
is ideal for analysis of aromatic compounds such as 
benzene, but will be blind to the bulk components of 
the lakes, such as ethane.  Mid-infrared spectroscopy is 
useful for analyzing the bulk components though anal-
ysis fo the CH stretching features, and has high sensi-
tivity to astrobiologically interesting components such 
as compounds with carbonyl and nitrile funtionalities. 
Experimental:  Two different fiber optic immer-
sion probes were used, one optimized for the ultravio-
let and visible, the other for the mid-infrared.  Both 
probes are shown in Figure 1.  The ultraviolet/visible 
probe is constructed primarily of PEEK, and is approx-
imately 10 cm long and 1 cm in diameter.  Low –OH 
silica fibers are used to extend the wavelength range 
down to 200nm.  Light from a deuterium lamp is cou-
pled into the input fiber, reflects off the mirror, and 
enters the output fiber, passing through thte liquid 
twice.  The output fiber is connected to an Ocean Op-
tics USB-2000 spectrometer for analysis.  The infrared 
probe is also constructed of PEEK, and is approximate-
ly 8 cm long and 1 cm in diameter.  The fiber is a poly-
crystalline silver halide infrared fiber used in an atten-
uated total reflectance geometry.  A Thermo Nicolet 
6700 FTIR spectrometer is used to acquire infrared 
spectra.     
Solutions of liquid methane and ethane at Titan sur-
face temperatures (94 K) are prepared in a custom built 
LN2 cooled cryostat.  Ethane and/or methane is con-
densed in the cryostat, and the solute is introduced as a 
liquid or a solid.  The solution is stirred to ensure dis-
solution, and the fiber probe is then immersed in the 
liquid solution.  The probes are pre-cooled to prevent 
boiling when submerged.   
Results:  Figure 2 gives three examples of spectra 
acquired with both the ultraviolet and infrared fiber 
probes.  The top and center spectra are of benzene and 
pyridine in liquid methane and ethane, respectively.  
We can estimate the concentration of these species 
using Beer’s law and room temperature measurements 
of the absorptivity at these wavelengths.  This calcual-





Samples are analyzed directly in the 
lake, in situ, without the need to transfer 
cold, highly volatile liquid into the warm 
body of the lander. 
High Sen-
sitivity 
We take advantage of the large absorp-
tion cross sections of molecules like 
benzene and ammonia in the far ultravio-
let, and functional groups like carbonyls 




The fiber optic probes have no moving 
parts and do not require vacuum, com-
plex valving, or consumable chemicals. 
Rapid 
Analysis 
Analyses can be performed in seconds. 
Figure 1.  Left and center)  UV/Vis fiber optic im-
mersion probe.  Light enters through the input fiber 
and is reflected off the mirror into the output fiber 
for analysis.  Fluid between the fibers and mirror is 
analyzed.  Right)  Mid-infrared fiber optic ATR im-
mersion probe.  The curved portion of the fiber is 
immersed and the fluid interrogated by attenuated 
total reflectance. 
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tion gives the concentration of benzene at 7×10
-4
 M, 
and the concentration of pyridine is 7×10
-8
 M.  The 
value of pyridine in particular emphasizes the great 
sensitivity fo this method for aromatic compounds. 
Figure 2 bottom shows the mid-infrared spectrum 
of 2-methylbutane, a light hydrocarbon similar to those 
in Titan’s lakes.  The C-H stretches (2800-3000 cm-1) 
and bending modes (1300-1500 cm
-1
) are clearly visi-
ble.   
We will present results for several different solutes 
representing aromatics, hydrocarbons and oxygenated 
compounds, in both the ultraviolet and mid-infrared.  
Estimates of the limits of detection for various species 
will also be presented. 
Conclusions:  Development of the fiber optic in-
strument described here will provide significant bene-
fits for any in situ Titan mission.  By using a fiber optic 
spectroscopic system we will greatly reduce the com-
plexity of making direct, accurate and rapid determina-
tions of organic solutes in the lakes. This ability will 
allow for analysis of lake samples with little or no 
sample manipulation and no sample preparation, and 
with a reduced mechanical and logistical complexity.  
Acknowledgements:  Funding through NASA’s 
ASTID program is gratefully acknowledged.  
 
Figure 2.  Top) Ultraviolet absorption spectrum of 
benzene in liquid methane, 94 K.  Center) Ultraviolet 
absorption spectrum of pyridine in liquid ethane, 94 
K. Bottom) Room temperature mid-infrared spec-
trum of 2-methylbutane. 
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Introduction:  The Cassini/Huygens mission has 
revealed a wide variety of landforms on Titan, includ-
ing lakes of methane and ethane near the poles and 
other features clearly indicative of liquid erosion.  Ti-
tan’s lakes are a primary target for future Titan explo-
ration, and are a repository for the organic products of 
atmospheric chemistry, interconnecting Titan’s geolo-
gy, atmosphere, and astrobiological potential.  The 
next mission to Titan would almost certainly have ac-
cess to the surface liquids (at surface temperatures, 94 
K), and characterization of their composition would be 
a high mission priority.  Detailed chemical analysis is 
thus a goal of any mission to the lakes.  A major chal-
lenge for any organic analysis technique used to ana-
lyze Titan’s lake fluids is separation and concentration 
of the trace organic solutes from the bulk hydrocarbon 
fluid. 
We have begun to explore the use of solid phase 
microextraction (SPME) fibers for preconcentration of 
analytes from cryogenic liquid ethane.  SPME fibers 
are used to extract and concentrate analytes from liq-
uids by adsorption into a polymer matrix bound to a 
silica fiber [1].  By controlling the polarity of the coat-
ing material, various analytes can be selected for.  Af-
ter adsorbtion, the fiber is heated to release the analyte, 
which can then be analyzed by standard techniques, 
such as gas chromatography or mass spectrometry. 
SPME fibers have a number of advantages for in 
situ chemical analysis.  They are small, lightweight, 
and rugged. They can be tuned to select for the ana-
lytes of interest.  SPME fibers can be interfaced to sev-
eral different analysis techniques, including mass spec-
trometry, gas chromatography, and liquid chromatog-
raphy. 
Experimental:  SPME fibers were immersed for 1-
10 minutes in solutions of various organics in liquid 
ethane held at 94 K in a custom built cryostat (Figure 
1).  Solutions were continually stirred to ensure homo-
geneity and fluid flow around the fiber.  The fiber was 
withdrawn from the solution and allowed to warm to 
room temperature before analysis by mass spectrome-
try. 
Mass spectrometric analysis was performed using 
an SRS 200 quadrupole mass spectrometer with elec-
tron impact ionization.  The fiber was introduced 
through a rubber septum into a heated (100 °C) steel 
tube with a glass liner connected to the mass spectrom-
eter vacuum chamber.  Mass spectra were continually 
recorded as a function of time as the organics desorbed 
from the fiber. 
Results:  Figure 2 shows some initial results from a 
solution of benzene in liquid ethane.  An 85 µm Car-
boxen/PDMS fiber was exposed to the solution for 10 
minutes.  Immediately after insertion of the fiber into 
the mass spectrometer system, a prominent signal ap-
pears at 78 m/z, corresponding to benzene. 
We will present results for several different solutes 
representing functional groups of interest on Titan such 
as benzene, acetonitrile, hexane, and methanol.  The 
fiber types tested include Carbox-
en/polydimethylsiloxane (optimized for low molecular 
weight compounds MW 30-225), polydimethylsilox-
ane/divinylbenzene (optimized for amines and polar 
compounds MW 50-300), and divinylben-
zene/Carboxen (optimized for trace volatiles MW 40-
275).   
Conclusions:  Our preliminary results indicate that 
solid phase microextraction fibers work well at concen-
trating trace species from cryogenic hydrocarbon liq-
uids such as liquid ethane.  SPME fibers are light-
weight and rugged, and the polymer matrix can be var-
ied to preferentially select certain analytes.  We have 
used mass spectrometry to directly analyze the de-
sorbed compounds, but SPME fibers are also amenable 
to analytical approaches using gas and liquid chroma-
Figure 1.  SPME fiber (85 µm Carboxen/PDMS) 
immersed in a saturated solution of benzene ( ~ 10
-4
 
M) in liquid ethane at 94 K. 
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tography.  SPME fibers are an attractive approach to 
analysis of trace species in Titan’s lakes.  
References:  
[1] Vas, G and Vekey, K. (2004) J. Mass Spec., 39, 
233–254.  
Acknowledgements:  Funding through JPL’s Re-
search and Technology Development program in asso-
ciation with the Keck Institute for Space Studies is 
gratefully acknowledged.  
 
Figure 2.  Mass spectrum immediately after inser-
tion of the fiber, showing the prominent peak at m/z 
78 corresponding to benzene.  Other peaks are due 
to residual gas (air) in the mass spectrometer. 
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Summary: Solar system remote sensing, in many 
cases, depends on measurement of fine spectral 
features from targets covering relatively large angular 
areas on the sky. For that reason there is a critical need 
for instruments that can study extended astronomical 
sources (wide FOV) at high resolving powers. An 
emerging technique that promises to fulfill this need is 
the all-reflective Special Heterodyne Spectrometer 
(SHS). We report here on progress toward building the 
first field version of SHS, a tunable instrument at Mt. 
Hamilton: Khayyam. Khayyam (shown in figure 1) 
provides high Resolving Power (R~10
5
) spectra over a 
wide Field of View (up to FOV~0.5 degree) over a 
tunable range throughout Visible. Most importantly, 
the compact size of the instrument and its relaxed 
tolerances compared with other interferometric 
techniques make it a suitable candidate for space 
applications. We believe this technology would open a 
new ground for a variety of experiments in studying 
the faint extended targets at high resolving power in 
planetary science missions. 
Introduction: The range of targets in planetary 
science is highly diverse, including small bodies, 
planets, moons, their atmospheres and space 
environments, and the interplanetary medium in which 
all are embedded. Size scales and perspectives also 
vary dramatically, with opportunities for both Earth 
based and in situ studies. Many characteristics of these 
targets, such as atmospheric dynamics, outflow/escape, 
radiative transfer, and isotopic ratios, are best 
addressed with high resolving power studies that 
integrate a large FOV. Such studies can play an 
important role in revealing modern and paleo-
climatology of the terrestrial planets, such as the roles 
of Methane , H2O-CO2 photochemistry, and exospheric 
escape on Mars [1] or the link between modern 
isotopic ratios and noble gas populations to the 
historical role of water on Venus [2]. Integral field 
studies of comets probing chemical classes, 
heterogeneity, isotopes, and the inclusion of super-
volatile species like Ar will provide insight into the 
conditions of formation and migration patterns of the 
protoplanetary disk [3].  
In all of the mentioned studies, it is of a great 
importance to obtain high R data to resolve small 
Doppler shifts, fine structure, line-shapes, and atomic 
multiplets/molecular bands. However, more detection 
is not enough, because the solar system is inherently 
active; it can manifest substantial variation both 
temporally and spatially. As a result we must combine 
study of the target’s global evolution parallel to the 
ability to measure with some spatial fidelity across the 
FOV and to map its variation in time. This 
combination of requirements is a challenge that 
modern instrumental approaches are limited in their 
ability to meet. 
Current techniques vs. SHS: Limitations on high 
resolving power instruments have often required 
planetary science scientists to compromise the angular 
size of their target and the duration of their 
observations in order to obtain high resolving power 
spectra. The current instruments that have been 
commonly used to study the planetary science targets 
at high resolving powers are mostly grating 
spectrometers bound to large telescopes with limited 
access time. Most of these instruments have relatively 
small FOVs and are very large in size with low 
tolerances. This has limited the use of high resolving 
power spectrometers on space missions, such as 
remote probes and orbiting telescopes. Even when it 
has been possible to incorporate high resolving power 
in an orbiting aperture telescope (e.g., STIS) they have 
experienced a low tradeoff between their R and FOV 
that is detrimental for extended targets. For instance 
the FOV of HST-STIS reduces to an aperture of less 
than 0.1 arcsec when used at R~100,000. One way 
around the small FOV problem is to map the target and 
generate a mosaic of data, but this is an overhead 
intensive technique that is also limited by the time 
scales for deviations in the target such as airglow, 
aurora, etc.  
SHS instruments were introduced with their current 
basic capabilities in the 1990s [4]. One of the main 
advantages of SHS instruments is that they have an 
inverted tradeoff between their R and FOV levels [5] 
compared with dispersive grating spectrometers. For 
instance Khayyam FOV for R~50,000 is about 0.5 
degree without using any telescope [5]. The primary 
disadvantage of SHS instruments has historically been 
its narrow bandpass, which has limited them to studies 
of single lines or bands [4]. To address this limitation, 
we are working on a tunable SHS design that enables 
us to scan a wide wavelength range with only two 
moving parts in a short amount of time [5]. 
A SHS étendue is independent of the telescope (if 
one is used) diameter where it is used. This is because 
the effective area of the instrument (essentially the 
diameter of the telescope) follows a 1:1 relationship 
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with the magnified FOV of the telescope. Doubling the 
aperture, for example, therefore halves the FOV. This 
has substantial benefits for planetary science, because 
targets appear smaller from Earth orbit, where large 
aperture telescopes can be used and larger from in situ 
probes where they cannot. At R~50000, Khayyam’s 
FOV is reduced from 0.5 degree to ~90 arcsec with a 
60cm telescope and to ~16 arcsec at 3m [6]. This range 
is a good scientific match to many solar system targets, 
which makes meter class, a group of telescopes well 
positioned for space missions and campaign style 
observing, a preferred choice for SHS. The mentioned 
capabilities open a fresh ground for new techniques 
and studies that were not possible before.  
Basic concepts of Tunable SHS: Tunable 
Spatial Heterodyne Spectrometer (TSHS) is a form of 
self-scanning interferometer [4, 5]. The primary 
advantage of TSHS comes from three factors. First, it 
is able to simultaneously provide high resolving power 
(R) and a wide field of view (FOV), giving the 
instrument exceptional sensitivity to extended targets. 
Second, the FOV is linearly scalable with the aperture 
of a telescope without losing sensitivity (see below). 
Third, while the intrinsic sampled bandpass (defined 
by the number of fringes that can be imaged at a 
detector) is limited, a simple rotation of the pilot 
mirrors can be used to look at narrow to intermediate 
bandpasses over a range (Khayyam tunes between 300 
and 700 nm). Khayyam- is located at the fixed focal 
plane of the 0.6m Coudé Auxiliary Telescope (CAT) 
on Mt. Hamilton. It has been configured to 
simultaneously sample ~10 nm bandpass at R=48000 
over a 39arcsec × 39arcsec FOV that is well matched 
to observations of extended targets, i.e., comets, and 
planet atmospheres. With this configuration, the TSHS 
provides étendue comparable to that obtained with the 
Keck-HIRES instrument, with the additional 
opportunity to obtain observations on space probes.  
Current status of Khayyam: Khayyam is the 
first field version of TSHS instruments. Its purpose is 
to identify the strengths and issues in the instrumental 
concept and prepare the design for future space 
missions by performing steady ground-based 
observations of challenging planetary targets such as 
comets. Up to now, the optical design of Khayyam and 
the coupling system to the telescopes have been 
finalized [6]. The internal alignment has been 
completed since May 2011 in order to take calibration 
lamp data. The first light was taken from Jupiter and 
Mars during March 2012 and in order to move forward 
to improve the data and finalize the vibration and 





Figure 1. Most of the optics seen on Khayyam at the 




Figure 2. The optical path of TSHS illustrates the small 
size of the instrument. 
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     Introduction: Radioisotopic Thermoelectric 
Generators (RTGs) have been used in the past for all 
missions past Mars to provide electrical power to the 
instruments.  The currently underway Mars Science 
Laboratory, however, utilizes Multi-Mission RTGs 
(MMRTGs) which can operate in the vacuum of 
space or in a planetary atmosphere. Because of the 
desire for no moving parts, reliability, and long life, 
these systems rely on thermocouples to convert heat 
to electricity and are inherently inefficient. Only 
about 6% of the thermal energy is converted into 
electricity. Consequently, the specific masses of the 
RTG and MMRTG are 200 kg/kWe and 357 kg/kWe 
respectively [1].  Thus, the power supplies can be a 
significant fraction of the platform mass. 
     Recent advances in Stirling engines at the NASA 
Glenn Research Center indicate that Advanced 
Stirling Radioisotope Generators (ASRGs) may 
provide 25% conversion efficiency [2,3].  ASRGs 
will reduce the amount of Plutonium-238 (Pu-238) 
required for a given power level.  However, ASRGs 
contain moving parts and may suffer from vibration 
issues along with shorter life-spans than MMRTGs. 
In addition, the specific mass of the ASRG is 141 
kg/kWe.  While this is a significant improvement, the 
mass of the ASRG still is heavy and takes up 
valuable room that could be occupied by scientific 
instruments. 
     In June of 2010, NASA convened a series of 
meetings of experts from around the country to 
discuss potential advances to enhance space 
exploration. One of these meetings was the 
Ubiquitous Access To Abundant Power workshop, as 
part of the Breakthrough Technology Capability 
study [4]. One of us (Howe) was invited to 
participate in this workshop.  One of the major 
conclusions of this workshop was the crucial need for 
future space missions to have an electrical power 
source that had low specific mass, at least below 100 
kg/kWe and perhaps in the 10s of kg/kWe. 
      The development of a low specific mass power 
source will be a “game changing” achievement that is 
crucial to future missions.  In addition to providing 
low mass power supplies to large scale robotic probes 
to the outer planets, a low specific mass power 
supply could enable the use of micro and nano 
satellites on Mars and beyond. 
 
     The possible use of micro or nano satellites offers 
the potential for cheaper exploration of the solar 
system. To date, though, all smallsats have been solar 
powered limiting their use to within the orbit of Mars. 
To travel beyond Mars, a radioisotope source would 
be required. The smallest nuclear source available, 
though, will be the ASRG at 140 w with a mass of 22 
kg.  No power source exists below the 100 w level to 
support small sat exploration. 
     In addition, the development of power sources 
with a low specific mass could enable the realization 
of Radioisotopic Electric propulsion (REP). REP has 
been a goal for many years [5-8] because it could 
provide a cheap method of rapid access to the outer 
solar system for small payloads such as Cubesats.  
However, the masses of the regular RTGs are too 
high to allow REP to be effective. A low mass REP 
system could also enable the concept of the “mother 
ship” whereby a large platform, perhaps a nuclear 
thermal rocket, provides rapid transition between 
planets and then “drops off” an REP platform at each 
destination to deorbit for many years of operation. 
     The concept of thermal photo-voltaic power (TPV) 
conversion has been investigated for the several years.  
Researchers at the NASA Glenn Research Center 
have designed a TPV system [9] that utilizes a 
simulated General Purpose Heat Source (GPHS) 
from a MMRTG.  The GPHS is a block of graphite 
roughly 10 cm by 10 cm by 5 cm.  A fully loaded 
GPHS produces 250 w of thermal power and weighs 
1.6 kgs. The GRC system relies on the GPHS unit 
radiating at 1200 K to a tantalum emitter that, in turn, 
radiates light to a GaInAs photo-voltaic cell.  The 
GRC claims system efficiency of conversion of 15%.  
The specific mass is around 167 kg/kWe. 
     The main issue with the NASA GRC approach is 
that they restricted their design to the use of the 
GPHS.  The specific mass of the GRC system is 15% 
higher than the ASRG.  Thus, even though the RTPV 
system has no moving parts, NASA may not be 
sufficiently motivated to proceed with the expensive 
launch qualification process.  However, if the mass of 
the RTPV system can be significantly reduced, then 
NASA may determine that the lower mass, robust, 
long-lived RTPV system may offer sufficient 
advantages.  The CSNR is developing a new, robust 
encapsulation of PuO2 that has 5 times the power 
density of the GPHS and  can be sized from 0.5 w to 
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500 w to allow power levels to match the mission 
requirements. 
     Because of the ability to fabricate the tungsten 
cermet into other shapes, an alternative design may 
allow less thermal losses through the edges.  This 
will allow the system to reach higher temperatures 
and increase the conversion efficiency. In addition, if 
the surface of the shell, i.e the emitter, can be coated 
or textured to alter the light emitted from the surface 
toward visible wavelengths, then the efficiency of the 
PV cells can be increased further [10]. Thus, the 
system may be able to achieve a conversion 
efficiency of 25 %.  Adding all of these design 
changes together could enable a power supply with a 
specific mass of around 50-70 kg/kWe. 
     The CSNR is developing a new configuration of 
the Radioisotope Thermal Photo-Voltaic (RTPV) 
system that weighs less than one half of current 
sources for a given power level. The eventual power 
source will utilize metal encapsulated radioisotope 
source coupled to thermal photo-voltaic conversion.  
For this project, we will simulate the radioisotope 
power with electrical heaters.  The advantages of this 
system are low specific mass, high conversion 
efficiency, no moving parts, and variable power 
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PHASE CONTRAST X-RAY MICRO-IMAGING: A POTENTIALLY POWERFUL TOOL FOR IN SITU 
ANALYSIS AND SAMPLE RETURN MISSIONS FROM MARS, ASTEROIDS, COMETS, AND THE 




Introduction:  The planetary science program rec-
ommended by the Planetary Decadal Survey [1], to-
gether with NASA’s efforts to exploit synergies be-
tween the robotic and human exploration of Mars and 
other planetary bodies, provides an opportunity to con-
duct sample return missions from a range of solar sys-
tem bodies in the coming decade and beyond, which 
include Mars, the Moon, asteroids, and comets. Yet 
new technological challenges must be addressed to 
achieve mission goals and reduce mission risks and 
costs. For example, the highest priority science goal of 
Mars exploration is to address the questions of habita-
bility and the potential origin and evolution of life on 
Mars in detail by returning carefully-selected Mars 
samples to Earth for laboratory study [1]. Given the 
diversity and complexity of Mars and a lack of key 
flight ready instruments for astrobiological explora-
tion, it is important to develop a new in situ analytical 
tool to  nondestructively image with high sensitivity 
microscopic textures and  biosignatures (e.g., cells, 
microfossils, and sedimentary fabrics) in particular to 
identify the scientifically most valuable martian mate-
rials for return. To make comet surface sample return 
(CSSR) and subsequent cryogenic comet sample return 
(CCSR) missions successful, it is necessary to have an 
in situ method available to verify comet samples that 
contain pores and/or volatile ices and organics [1]. 
Indeed, acquiring in situ compositional/structural in-
formation is scientifically important in its own right, 
particularly on sensitive and delicate materials such as 
comet samples and those high-priority martian samples 
that may preserve signs of  past or present life. In situ 
data would also provide crucial information of pristine 
samples of Mars, the Moon, asteroids, and comets for 
subsequent comparisons in terrestrial laboratories.  
Given common challenges faced by sample return 
missions and some specific issues potentially related to  
each target, we have been exploring an integral ap-
proach to developing a new X-ray phase contrast mi-
cro-imaging instrument or microscope that allow for 
tailored features to meet specific needs for each sample 
return mission across a wide range of planetary bodies 
including Mars and its moons, the Earth’s Moon, as-
teroids, and comets. In the following, we will discuss 
potential advantages of X-ray phase contrast imaging 
for in situ analysis and sample return missions, with 
focus on its effectiveness in examining cellular struc-
tures, internal voids, trapped water, minerals and or-
ganics and, by implication, liquid and gas samples 
(those containing liquid and gas phases) as well. The 
work is based on our experience in exploiting coher-
ence-based X-ray phase contrast imaging and tomog-
raphy to study interplanetary dust particles (IDPs) [2-
3], low-density cellular materials [4], and biomacro-
molecular and oxide materials [5-6] as well as for Mars 
exploration [7].  
Methods and Principles: The interaction of X-
rays with a sample (being examined) may be described 
by a complex index of refraction n, n=1-δ-iβ, where δ 
and β are the refraction (phase shift) and absorption 
terms, respectively. The conventional X-ray imaging 
technique relies solely on absorption, whereas phase 
contrast imaging makes use of the refraction of the 
transmitted X-rays, which occurs when X-rays travel 
across an interface (like e.g. the one between an object 
and air shown in Fig. 1) or an area of varying density 
and composition or structure. As a result, the latter 
translates phase modulations (caused by features of 
interest) into intensity variations through wave inter-
ference, effectively enhancing image contrast by edge 
enhancement, for example. Moreover, for light-
element materials (e.g., organic matter), the phase shift 
term δ is dominant  in the hard X-ray regime, say, on 
the order of 10-6 –10-7 for δ compared to 10-9-10-10 for 
β. Hence, it is possible to use phase contrast to map 
subtle structural/compositional variations that may 
otherwise be difficult to resolve with absorption con-
trast alone, particularly in materials of  low density 
and/or similar density which are often the case  for 
complex extraterrestrial materials. 
 
 
Fig. 1 A varying refractive index across an X-ray wavefront 
at an object-air interface leads to a slight change in the di-
rection of wave propagation, which provides the basis for 
phase contrast imaging of the object 
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Results: Several case studies are presented below 
to assess the effectiveness of phase contrast imaging 
and tomography in dealing with underlyingly similar 
problems to be potentially encountered in in situ sam-







































Phase contrast mapping of trapped water. With 
phase contrast imaging, a tiny drop of liquid water 
with negligible absorption contrast can be clearly visu-
alized thanks to edge enhancement - a strong phase 
contrast effect taking place at the water-air interface 
where the gradient of the refractive index is great (Fig. 
2 a). Phase contrast tomography has even enabled us to 
locate liquid water trapped in ruptured cells of a cellu-
lar material (Fig. 2 b-c). Such imaging capabilities can 
be exploited to in situ examine the presence or poten-
tial presence of water and liquid-water inclusions in 
martian rocks and volatile ices in pristine samples of  
other  planetary bodies including comets and perhaps 
some asteroids. 
Laminated cellular polymer structures and a car-
bon-based microporous composite. Exploiting phase 
contrast effects that originate at interfaces or bounda-
ries enables various features of interest, including in-
ternal pores or voids  and laminated structures, to be  
nondestructively visualized in a detailed manner oth-
erwise impossible [4]. Three-dimensional (3D) ren-
dered images given in Fig. 3 & 4 exemplify the virtue 
of phase contrast imaging and tomography, in which 
internally underlying structural and compositional var-
iations or heterogeneities in two different cases are 
mapped in great detail. Phase contrast imaging has 
been used to identify fossil inclusions in opaque amber 
[8]. This imaging technique is a potentially powerful 
tool to in situ identify biosignatures, including lamina-
tions formed by biofilms, microfossils, and cellular 
morphologies  in martin samples as well as water and 
gas samples of planetary bodies. 
Pores, textures, minerals, and carbonaceous or-
ganic matter of IDPs. We have recently exploited X-
ray phase contrast nanotomography to map porous 
structures, surface textures, the relations between min-
erals and carbonaceous materials or organic matter of 
intact IDPs in 3D nanoscale detail [2-3], which has 
turned out successfully. It opens up a new opportunity  
to examine, among others, processes IDPs and parent 
bodies may have experienced during their formation 
and evolution, for example, aqueous alteration in hy-
drated chondritic smooth IDPs. Likewise, the demon-
strated sensitivity of phase contrast imaging to tex-
tures, porous structures, and distinguishing mineral 
grains from organic matter makes it potentially well 
suited to in situ identifying martian rocks that show 
evidence for formation in  aqueous environments as 
well as biosignatures at a microscopic level. Such non-
destructive imaging capabilities would be key to in situ 







Fig. 2. Nondestructive visualization of  trapped water 
with phase contrast imaging. (a) showing black and 
white contrast features at the boundary of  a water 
droplet (w). (b) and (c) are two tomographic slices 
showing changes of  the interior of a cellular materi-
al before and after water trapping occurred, with w 
denoting liquid water. Note that no water was initial-
ly present in the interior (b).  
  



















































Conclusions: X-ray phase contrast imaging is in-
trinsically sensitive to both interior and surface fea-
tures of interest, with its flexibility (and potential ad-
vantage) to nondestructively characterize different 
types of complex extraterrestrial samples including 
those containing liquid water, ices, and/or gases. De-
veloping a miniaturized in situ phase imaging instru-
ment  would add a powerful new tool for multiple 
sample return missions ( Mars, asteroids, comets, and 
the Moon) and supporting human exploration. Specifi-
cally, with its high sensitivity to textures and morpho-
logical biosignatures in particular, such an in situ X-
ray microscope would provide a key to identifying and 
selecting high-priority martian samples for return as 
well as for in situ analysis. The in situ information to 
be obtained from pristine martian samples would also 
provide an important reference for subsequent screen-
ing of returned samples to examine their integrity and 
signs of potential life using laboratory nondestructive 
methods such as CMT [9]. High-quality in situ data to 
be acquired from pristine samples of other planetary 
bodies, including the Moon, asteroids, and comets, 
would also be crucial to addressing science questions 
and maximizing success of those sample return mis-
sions. A conceived in situ instrument is modular, 
which would enable multifunctional measurements and 
tailored features to meet specific mission needs. This 
new effort would benefit the future human exploration 
of  asteroids, Mars, and the Moon by, for example, 
filling strategic knowledge gaps related to martian, 
asteroidal, and lunar soil properties, dust effects, water 
resources, and human health risk mitigation, and would 
potentially result in a new generation of in situ CT for 
medical monitoring in future manned Mars missions. 
In situ instruments and sensors are one of highest tech-
nologies identified and recommended in the NASA 
Space Technology  Roadmaps and Priorities.  
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Fig. 4  3D rending showing  the 3D details and 
spatial distributions of internal pores and small 
metallic particles (brighter features) in a carbon-
based composite (voxel size: 5.3×5.3×5.3 µm3).  
Fig. 3  3D rendering  showing the subcellular 
3D details of intact laminated cellular polymer 
structures  (voxel size 1.3×1.3×1.3 µm3). Note 
the density and structure changes revealed 
across the interface between two layers.   
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Introduction: Venus exploration has gained consi-
derable interest and relevance in recent years. Venus 
has significant similarities to Earth in terms of size, 
initial composition, and solar-radiative influences. 
However, its present planetary conditions contrast 
drastically from that of Earth with a significant green-
house effect [1
One set of measurements identified as having sig-
nificant scientific interest in understanding Venus pla-
netary conditions and history is seismometry [
]. Venus has a very hostile environment 
with an average surface temperature of 462°C, an at-
mospheric pressure of 90 atm on the surface, and an 
atmosphere comprised primarily of CO2.  Missions that 
have landed on the surface of Venus have typically 
lasted on the order of hours due to the high tempera-
tures and harsh conditions. Further, the measurement of 
Venus planetary conditions has generally been limited 
by the lack of sensor and instrument systems that can 
operate long term in the harsh Venus environment. 
1]. Seis-
mometry can determine the activity of the interior of 
Venus and provide clues related to its history and evo-
lution. A regional or global network of seismometers 
could answer several important questions related to 
Venus seismic activity and subsurface structure. Wire-
less communication may also be an asset, as it would 
allow the seismometer to be deployed at some distance 
from the parent lander, partially decoupling the seis-
mometer from oscillations created on the main lander. 
However, there is a fundamental question as to whether 
such seismic measurements can be performed given the 
high temperature, harsh environment of Venus.  
Further, the ability to test such a system in relevant 
temperatures, pressures, and atmospheric constituents 
is limited. The availability of test systems that can not 
only handle even moderate size instrumentation, but 
provide Venus relevant environment for extended test-
ing are limited. 
This paper describes efforts to design, fabricate, 
and demonstrate a proof-of-concept seismometer oper-
ating at Venus temperatures, and describes test capabil-
ities being developed to evaluate this and other instru-
ments in Venus relevant conditions. The seismometer 
development approach is to show operation of a basic 
seismometer system laying the foundation for more 
complex instruments. Seismometer design and fabrica-
tion are discussed, as well as preliminary results. Fur-
ther, in order to address shortcomings in the ability to 
characterize instruments in extreme environmental 
conditions, development of an Extreme Environment 
Rig is ongoing. This test capability is a specially de-
signed chamber capable of simulating the pressure, 
temperature, and chemical composition of the planets 
in our solar system and elsewhere with particular relev-
ance to Venus in situ planetary investigations. A de-
scription of these capabilities will also be provided. An 
objective of this and other work is to develop and cha-
racterize in relevant environments instrumentation that 
can allow the in-situ characterization of Venus surface 
properties.  
Technical Barriers: A high temperature Venus 
seismometer does not exist at this time. This is predo-
minantly due to the nature of seismometer measure-
ments, which require operation of the measurement 
system directly in the harsh Venus environment. In 
order to produce such a seismometer operating in-situ 
in the Venus environment, a range of high temperature 
operable technologies are necessary. These include the 
seismic measuring instrument itself (mechanical struc-
ture), a position transducer, and  associated signal 
processing electronics. Conventional seismometer 
technologies are not functional in Venus-relevant envi-
ronments. For example, silicon (Si) based electronics 
on which standard conventional seismometers are 
based, do not operate at Venus temperatures [2]. This 
implies the use of wide bandgap electronics, such as 
silicon carbide (SiC), or other high temperature elec-
tronic systems. Specialized SiC electronic circuits de-
signed for high temperature operation have shown the 
capability to operate at Venus relevant temperatures for 
extended periods of time [3- 7]. Similarly, although a 
range of high temperature sensors technology is being 
developed [8-10
 Seismometer Design Approach: The develop-
ment of a proof-of-concept high temperature Venus 
seismometer operational at temperatures up to 500°C 
and responsive to seismic vibrations from 1-30 Hz is 
on-going. The seismometer system has a mechanical 
structure with a transducer to interface with the plane-
tary environment, as well as signal conditioning and 
] for harsh environments such as air-
craft engines, transducer technology and other compo-
nents of the seismometer mechanical structure are chal-
lenged by Venus operational conditions. 
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wireless communications electronics [3]. The mechani-
cal structure and transducer are designed for harsh en-
vironment operation at 500ºC. The signal conditioning 
and wireless electronics are based on high-temperature-
operable silicon carbide (SiC) electronics.  
A high temperature seismometer utilizing a vertical 
pendulum design has been fabricated and is shown in 
Figure 1. A leaf-spring seismometer design is used 
[11
 
]. A seismic mass on a boom supported by crossed 
hinges is counterbalanced with a leaf spring. A novel 
thermal expansion compensation mechanism is em-
ployed to maintain the boom orientation despite tem-
perature induced changes in the Young’s modulus of 
the spring. Vertical seismic vibrations cause the boom 
to oscillate, and motion of the boom is sensed using a 
variable inductance position transducer. A coil is fixed 
to the seismometer frame and a  specialized aluminum 
probe, mounted on the seismometer boom, is posi-
tioned on the inside of the inductor coil, such that a 
movement of the boom changes  the axial position of 
the probe in the coil and causes the inductance to 
change.  
 
Fig. 1. Photograph of the wireless seismometer me-
chanism and circuit in an oven.  
 
Silicon carbide electronics are used to enable this 
seismometer design. A simple signal conditioning cir-
cuit is employed in which the variable inductance 
transducer is used in an oscillator circuit to convert the 
sensed boom position to an electrical frequency which 
is transmitted wirelessly by an antenna. The oscillator 
is based on a Clapp-type design and presently uses a 
commercial SiC MESFET (metal semiconductor field 
effect transistor) [5-9]. Although the MESFET is not 
designed for operation at extremely high temperatures 
we have found that it provides sufficient reliability at 
temperatures up to 475°C to demonstrate the viability 
of this approach. Thin film capacitors and inductors 
capable of 500ºC operation are included in the oscilla-
tor circuit. The oscillator as presently designed oper-
ates at 100 kHz, which, as necessary, is less than the 
600 kHz self-resonant frequency of the transducer coil.  
Preliminary Data: Preliminary testing of the seis-
meter has been performed over the temperature range 
from 425ºC to 475ºC. For this measurement, the seis-
mic mass is adjusted to lift the probe to its maximum 
height, and a ceramic rod attached to a micromanipula-
tor is used to lower the aluminum probe in a controlled, 
stepwise manner. Figure 2 shows the measured spectra 
of the signals wirelessly transmitted as a function of 
probe position. The seismometer with electronics is at 
426°C and there is a 1 m distance between transmitting 
and receiving antennas. The oscillator frequency is 
wirelessly transmitted as the position of the probe is 
varied from 1-11 mm. As can be seen in Figure 2, the 
signal strength is 40 dB above the noise floor at 426°C, 
and changes in oscillator frequency are measured with 
changing probe position. 
Subsequent data in Figure 3 show the seismome-
ter/oscillator system operated stably for 73 hours at 
475°C, although subsequent degradation of the oscilla-
tor circuit occurs. The seismometer mechanism is still 
operational after this testing. Future generations of this 
system will use more durable SiC JFETs (junction gate 
field-effect transistor) [5-7], rather than commercial 
MESFETs. In addition, specialized high-temperature 
on-chip metallization and packaging will be employed.  
 
 
Fig. 2. Measured spectra of the received signal from 
the wireless seismometer for probe positions from 1 to 
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Fig. 3. Measurement of received oscillator frequency 
and power of the seismometer system at 475°C over 
time. 
 
High Fidelity Testing:  Extreme environmental 
conditions including high temperatures and radiation 
fields have limited the range and duration of solar sys-
tem exploration.  This is due to the many practical lim-
its encountered with electronics, instrumentation, mate-
rials, organics and other space vehicle components.  
While much progress has been made in the develop-
ment of radiation hardened components, high tempera-
ture and harsh chemical environments are still a limit-
ing factor.  For example, the surface of Venus exceeds 
400°C and many technologies either do not operate or 
are too inefficient to operate in that environment.  For 
these and other reasons, our knowledge of Venus and 
other extreme temperature locations is limited and the 
need for in-situ testing capability is great. 
Recently, NASA GRC began the development of an 
extreme environment test chamber that is intended to 
simulate any atmosphere in the solar system, including 
the extreme conditions on the Venus surface.  This test 
chamber can be used to validate in-situ technologies 
such as the seismometer detailed in this work.  Moreo-
ver, it can be used to better understand extra-solar pla-
nets for which no direct in-situ measurements can be 
made at this time.   
   GEER: The Glenn Extreme Environment Rig 
(GEER) shown in Figure 4 is intended to provide ca-
pability to, for example, confirm the performance of 
the seismometer and related instrumentation in a high 
fidelity Venus environment.  The GEER is a specially 
designed chamber capable of simulating the pressure, 
temperature, and chemical composition of the planets 
in our solar system and potentially recently discovered 
exoplanets. The Venus environment is perhaps the 
most challenging to simulate in our solar system be-
cause of the high pressure, temperature, and harsh 
chemical environment, particularly on the surface of 
the planet.    
   Specifications: The GEER can be operated between 
-196°C and 500°C, at pressures from a vacuum to 100 
bars. It is approximately 1 m in diameter and slightly 
longer in the axial direction.  It can accommodate any 
mixture of corrosive or acidic gases down to ± 1 parts 
per billion (ppb), and provide a range of gases such as 
carbon monoxide (CO), carbon dioxide (CO2), sulfur 
dioxide (SO2), hydrogen fluoride (HF) hydrogen chlo-
ride (HCl) and carbonyl sulfide (COS) in the part per 
million (ppm) to percentage range. The chamber has a 
removable liner to enable any atmospheric composition 
to be safely tested.  The parts per billion gas mixer can 
accurately recreate any atmosphere in the solar system. 
The GEER gas mixer (see Figure 5) has nine gas 
streams and a corrosion/acid resistant construction, two 
streams are Inconel 625, seven streams are 316 Stain-
less 4Ra finish, independent gas adjustments, tempera-
ture, pressure, and mass flow monitors. An H2O bubb-
ler adds water vapor, if necessary. It is capable of es-





Fig. 4.  Glenn Extreme Environment Rig (GEER). 
 
   For the Venus experiments, we will initially use a 
purely carbon dioxide (CO2) and N2 atmosphere. Once 
the functionality of a given instrument is verified, a full 
Venus atmosphere simulant consisting of CO2 
(~96.5%), sulfur dioxide (130 ppm), HF (5 ppb), HCl 
(0.5 ppm), CO (15 ppm), COS (27 ppm), N2 (~3.4%), 
and H2O (30 ppm) will be used to determine durability 
and responsiveness of the instrument, component, or 
system. This will be done not only at temperature but 
also within the range of chemical species that are 
present in the Venus atmosphere.                                                                                                     
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Fig. 5: Extreme Environment Chamber and Gas Mixer. 
 
Future Development: Continued development of 
the seismometer is targeted to demonstrate a complete 
proof-of-concept seismometer to show the potential 
viability of an operating seismometer at Venus relevant 
temperatures for a number of days. This includes long-
er term testing and characterization of a range of para-
meters associated with the instrument operation. This 
proof-of-concept seismometer is designed to demon-
strate operation in an important seismic frequency sub-
range providing the core for a wider frequency range 
seismometer system operating at 500ºC. This seismo-
meter is a first generation prototype to demonstrate 
seismic sensing at extremely high temperatures. Further 
refinements of the seismometer, e.g. miniaturization 
and insertion in a vacuum chamber, will be required to 
produce a seismometer suitable for use on Venus. 
As GEER becomes available, it will allow the ca-
pability to characterize the Venus seismometer in rele-
vant Venus conditions for extended periods of time. 
However, the Venus seismometer is not the only in-
strument that might be considered for characterization 
in this facility. A range of technologies are being de-
veloped that may have relevance to Venus surface ex-
ploration. These include sensor systems operable at 
500°C and able to measure properties such as pressure, 
temperature, wind flow, and chemical species. Such a 
combination of technologies can enable measurement 
of both seismic and meteorological properties on the 
surface of Venus to provide new information on its 
present atmospheric conditions in conjunction with 
geological information. 
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Introduction: The development of an in-situ geo-
chronology capability for Mars and other planetary 
surfaces has the potential to fundamentally change our 
understanding of the evolution of terrestrial bodies in 
the Solar System. For Mars specifically, many of our 
most basic scientific questions about the geologic his-
tory of the planet require knowledge of the absolute 
time at which an event or process took place on its 
surface. For instance, what was the age and rate of 
early Martian climate change recorded in the mineral-
ogy and morphology of surface lithologies (e.g., [1])? 
In-situ ages from a few select locations within the 
globally established stratigraphy of Mars would be 
transformative, enabling us to place direct chronologic 
constraints on the timing and rates of impact, volcanic, 
sedimentary, and aqueous processes on the Martian 
surface. 
The current paradigm for establishing absolute ag-
es on the Martian surface is through statistical methods 
based on lunar crater counting techniques. Progress has 
been made in previous decades, improving the preci-
sion of such estimates (e.g., [2]). However, precision is 
not equivalent to accuracy, and two inescapable facts 
regarding crater counting techniques remain: (1) “Any 
estimate of the Martian absolute chronology involves, 
implicitly or explicitly, an estimate of the Mars/Moon 
cratering rate ratio” [3]; and (2) Mars is geologically 
active, continually removing the record of craters and 
therefore causing bias towards younger ages. Thus, 
uncertainties on the accuracy of crater counting ages 
can exceed a factor of 2 in portions of Martian geolog-
ic history where constraints on crater flux are particu-
larly poor. These issues will continue to cast doubt on 
crater age accuracy until radiometric age tie-points are 
provided for Mars. 
Previous and ongoing efforts at the design of in-
situ geochronology systems have targeted precisions of 
± 15-20%. The new methodology we propose for 
measuring in-situ potassium-argon (K-Ar) ages has the 
potential to significantly improve on this measurement 
precision. Such improvements would increase the utili-
ty of in-situ ages for early Martian history, where 
crater counting methods are thought to be at their most 
accurate [3], and enable us to meaningfully address 
rates of processes on Mars. 
 
The Issue of Excess Ar in Shergottite Meteorites 
In discussions with our colleagues it is clear that 
there is a general uneasiness regarding the feasibility 
of accurately K/Ar dating Martian basalts. The reasons 
for this uneasiness are most clearly stated in a series of 
papers by Bogard and colleagues [4-6].  The main con-
cern is that the Ar/Ar ages of the most abundant class 
of SNC meteorites – the shergottites – are substantially 
older than their formation ages determined from other 
radiometric systems such as Sm/Nd, Rb/Sr and U/Pb.  
For example, Zagami is thought to have crystallized at 
170 Ma, yet its Ar/Ar “age” (depending on what phase 
and what type of analysis is being considered) is more  
in the range of 300 Ma (and in some cases far older) 
[4]. Several studies have demonstrated that the cause 
of this discrepancy is excess Ar in the shergottites. 
This Ar is thought to be derived from shock implanta-
tion of atmospheric gases and from trapping of mag-
matic Ar [5, 7].  There are several reasons that we still 
believe that attempting K/Ar age determinations on 
Martian basalts is worthwhile: 
1) Other classes of SNC’s give accurate K/Ar 
ages. For example, nakhlites and Chassigny yield 
Ar/Ar ages of about 1.35 Gyr, very similar to ages ob-
tained from other techniques [8]. Thus it is not clear 
how pervasive this excess Ar problem really is in terms 
of the surficial coverage of Mars (as opposed to in the 
very unusual subset that has been launched to Earth). 
Specifically the shegottites are very shocked rocks 
(possibly associated with the launch event) and so may 
be expected to have larger amounts of shock implanted 
gases than typical surface basalts. 
2) Bogard et al. [5] make the very curious obser-
vation that the amount of excess Ar in Shegottite min-
eral fractions is rather constant in their analyses, about 
1x10-6 cm3 STP of 40Ar. This is important because in a 
basalt with a typical shegottite K concentration this is 
equivalent to about 200 Myr of Ar accumulation (i.e., 
the K/Ar age would be about 400 Myr instead of the 
“true” age of most shegotittes of ~200 Myr). However 
in a 2 Gyr basalt with the same K content and amount 
of excess Ar, the excess would yield just a 6% error in 
age (and this reduces to just 2% in a 3.5 Gyr basalt). In 
other words, the fact that the shergottites are so young 
is what makes this effect so noticeable. In our opinion 
an error of this magnitude is acceptable, since the frac-
tion of extremely young basalts (<500 Myr) on the 
surface of Mars is almost certainly very low. 
3) Bogard [6] notes the difficulty of obtaining 
the very high temperatures necessary to completely 
extract Ar from basaltic melts. Because we employ a 
flux-assisted digestion technique this issue is not rele-
vant to our proposed approach (see below). 
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A New Approach to K-Ar Geochronology: We 
recognize that there are two major technical hurdles to 
making an accurate and precise in-situ K-Ar age meas-
urement: (1) achieving melting temperature for rocks 
in order to quantitatively degas them of argon, and (2) 
measuring sample mass as a means of relating K-
concentration to absolute abundance of argon. Here, 
we describe a new approach to in-situ measurement of 
K-Ar ages that solves both of these problems simulta-
neously. 
In broad terms, our measurement protocol involves 
four steps. In step 1, a crushed or powdered sample is 
delivered to a crucible in a vacuum chamber, which 
has been loaded on Earth (i.e., prior to flight) with a 
lithium-based fluxing agent and a solid double-spike 
containing known amounts of isotopically enriched 
tracers of 39Ar and 41K. The 39ArSpike/41KSpike ratio is 
thus known, forming the basis of our age calculation 
(see below). In step two, the sample-flux-spike mixture 
is melted by heating the crucible with resistance heat-
ers. The flux agent contains LiBO2, which melts at 
849oC and Li2B4O7, which melts at 920 oC. Heating to 
temperatures between 950-1000oC therefore readily 
achieves melting and isotopic homogenization of the 
sample-spike-flux mixture. In step three, the ratio of 
radiogenic 40Ar from the sample over 39Ar from the 
spike is measured on a mass spectrometer. Argon is 
quantitatively outgased by melting of the sample, al-
lowing us to solve for radiogenic 40Ar in the sample by 
measurement of the equilibrated sample/spike ratio. In 
the final step (4), the 39KSample/41KSpike ratio is analyzed 
via Knudsen Effusion Mass Spectroscopy (KEMS, 
[9]), using the same mass spectrometer as that used for 
the Ar-isotopic measurement. The measured K- and 
Ar-isotopic ratios are then used to solve for a whole 
rock age. We have validated each of the individual 
steps in this analytical procedure, as described below. 
 
Calculating K-Ar Ages using Double Isotope Dilution: 
The K/Ar age equation is: 
 




ܭ ସ଴ ൅ 1ሻ 
 
where  is the total 40K decay constant, e is the decay 
constant for the electron capture decay mode that pro-
duces 40Ar, t is the K/Ar age, and 40K and 40Ar* are 
abundances in atomic units. 40Ar* is the radiogenic 
daughter product, and is thus the 40Ar attributable to 
in-situ radioactive decay. Thus an age determination 
requires measurement of the 40Ar*/40K ratio. 
K consists of three isotopes, with masses of 39 
(93.3%), 40 (0.0117%), and 41 (6.73%). For isotope 
dilution K measurements, 41K of high isotopic purity 
(>99%) is readily available. There are three stable iso-
topes of Ar (of masses 36, 38, and 40) and isotope di-
lution is usually done using 38Ar as a tracer. Since 38Ar 
is a useful indicator of cosmic ray exposure, we con-
sider instead the use of synthetic 39Ar. This radioactive 
isotope has a half-life of 269 years and is routinely 
produced by neutron irradiation of 39K bearing sub-
stances. 
When a spike containing the isotopic tracers 41K 
and 39Ar is added to the sample, and the combination 
fused to release and measure Ar isotopes and K-
isotopes, the 40Ar*/40K ratio can be determined as fol-
lows (all variables are as defined in Table 1). 
 
Table 1. Definition of Variables 
40Ar* in situ produced radiogenic 
Ar amount (unknown) 
39Arspk, 40Arspk amount of Ar isotope  in 
spike 
40Arm,36Arm, 39Arm measured Ar amounts 
40Arair,36Arair air-derived argon amounts 
Rair = (40Ar/36Ar )air Known 
Rspk=(40Ar/39Ar)spk independently determined 
Rm=(40Ar/39Ar)m Measured 
39Ku, 40Ku, 41Ku amounts of K in unknown 
39Kspk, 41Kspk amounts of K in spike 
rm = (39K/41K)m Measured 
rspk = (39K/41K)spk independently determined 
rnat = (39K/41K)nat natural K isotopic composi-
tion (known) 
r40 = (40K/39K)nat natural K isotopic composi-
tion (known) 
 
First, for Ar: 
 
ܣݎ௠  ସ଴ ൌ  ܣݎ  כ ൅   ܣݎ௔௜௥  ସ଴ ସ଴ ൅  ܣݎ ସ଴ ௦௣௞  (1) 
      
ܣݎ௠  ଷ଺ ൌ  ܣݎ ଷ଺ ௔௜௥     (2) 
       
ܣݎ௠  ଷଽ ൌ  ܣݎ ଷଽ ௦௣௞     (3) 
 
Where equation (1) is the mass balance for 40Ar and 
indicates that some of the 40Ar is derived from “con-
tamination” with (terrestrial or martian) atmospheric 
argon. The the second and third equations indicate that 
all 36Ar is air-derived and all 39Ar is spike-derived. 
Combining these equations and the definitions in Table 
1 yields: 
 
ܣݎ ସ଴  כ ൌ  ൬ܴ௠ െ  ܴ௔௜௥ ቀ ஺௥ 
యల
஺௥ యవ ቁ௠ െ  ܴ௦௣௞൰ ܣݎ௦௣௞
  ଷଽ   (4) 
 
In the case of K:    
 
ܭ௠  ଷଽ ൌ  ܭ௨  ଷଽ ൅  ܭ௦௣௞  ଷଽ    (5) 
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ܭ௠  ସଵ ൌ  ܭ௨  ସଵ ൅  ܭ௦௣௞  ସଵ     (6) 
 
ܭ௨  ସ଴ ൌ ݎସ଴  ܭ௨  ଷଽ      (7) 
 
Where equations (5) and (6) reflect mass balance and 
equation (7) states that the isotopic composition of the 
unknown sample is that of natural potassium. Combin-
ing these equations and the definitions in Table 1 
yields:  
 
ܭ ସ଴ ௨ ൌ   ݎସ଴ ቆ௥ೞ೛ೖି௥೘ೝ೘
ೝ೙ೌ೟ିଵ
ቇ ܭ ସଵ ௦௣௞   (8) 
 
Combining equations 4 and 8 yields the ratio from 
which the K/Ar age is determined: 
 
஺௥ రబ  כ
௄ రబ ൌ  
 ൬ோ೘ି ோೌ೔ೝ൬ ಲೝ 
యల




ቀ ஺௥   యవ ௄ రభ   ቁ௦௣௞  (9) 
 
It is important to note that by using equation 9, the 
K/Ar age can be computed directly from measured 
isotopic ratios without knowledge of the mass of the 
sample or of the spike glass. This is a  fundamental 
advantage of our age-dating technique, and is built on 
the fixed 39Arspk/41Kspk ratio. Furthermore, because we 
only require the measurement of isotopic ratios with 
our technique, instrument calibration becomes much 
simpler or possibly even unnecessary. 
 
Synthesis of a Double Isotope Spike: We have prepared 
an alkali-feldspar glass that contains the isotope dilu-
tion spikes 41K and 39Ar. The glass was prepared in a 
2-step synthesis procedure. In the first step, pure oxide 
(SiO2, Al2O3) and carbonate (Na2CO3) components 
were fused at 1150oC in a Pt-crucible in an open-tube 
gas mixing furnace to form a melt. This melt was held 
above the liquidus for ~48 hours and then quenched to 
form albite glass (NaAlSi3O8). The product glass was 
then crushed with a mortar and pestle and mixed with 
KCl (obtained from the Oak Ridge National Laborato-
ry) that is enriched in the 41K isotope (99.17% 41K). 
This mixture was also loaded in a Pt crucible and fused 
at 1150oC into an open-tube gas mixing furnace that 
was continuously purged with a CO2-H2 gas mixture. 
The gas mixture was “tuned” to maximize pH2O at 
1150oC and remove Cl from the mixture as HCl vapor, 
leaving the K in the melt. Experiments at low pH2O 
revealed that K is quantitatively lost from the melt 
owing to the relatively high volatility of KCl. The melt 
was held above the liquidus for ~96 hours and then 
quenched to form a glass. Electron microprobe analy-
sis of this glass indicates typical K2OTotal concentra-
tions of 6-8 wt%. Because the KCl contains a trace of 
39K (≤0.83%), the glass can be neuton irradiated using 
typical Ar-Ar irradiation conditions. This produces 
39Ar in the glass by neutron capture, yielding our final 
double-isotope solid spike. Our synthetic glass was 
subjected to neutron irradiation for ~50 hours in the 
Oregon State University TRIGA reactor. 
 
Argon Isotopic Measurements: We have performed a 
variety of experiments designed to measure the Ar-
isotopic composition of gases released from silicate 
materials fused in the presence of a Li-based fluxing 
agent (50% Li-metaborate, 50% Li-tetraborate). In 
early experiments, a K-feldspar sample was mixed 
with a SrCl tracer, in order to determine whether flux-
assisted digestion of silicate minerals results in argon 
release at low temperatures (1000oC), and whether or 
not sample-tracer homogeneity is achieved by flux-
assisted digestion. The results shown in Fig. 1 indicate 
that Ar-release occurs during flux digestion. In addi-
tion, laser ablation ICP-MS analysis of the glass pro-
duced during this experiment has a homogeneous K/Sr 
ratio (not shown), demonstrating sample-spike equili-
bration during flux-assisted melting. 
Fig. 1: 40Ar/36Ar isotope ratio of K-feldspar measured 
as a function of time on a quadrupole mass spectrome-
ter during flux-assisted digestion. The 40Ar/36Ar  ratio 
is significantly elevated relative to atmospheric 
(40Ar/36Ar=296), indicating release of radiogenic 40Ar 
(i.e., 40Ar*) from the sample. 
 
In subsequent experimentation, we mixed a 132 
Ma basalt obtained from the Parana basin of Brazil 
with our double-isotope spike and flux-melted the mix-
ture at 1000oC. This yielded measurements of 60% 
radiogenic Ar from this young, low-K (<0.5 wt % 
K2O) basalt. 
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Potassium Isotope Measurements with KEMS: We 
have performed a series of experiments at the NASA 
Glenn Research Center that were designed to deter-
mine whether the application of KEMS could provide 
a suitable means of measuring the K-isotopic composi-
tion of vaporized K during low-temperature flux-
assisted melting. Briefly, KEMS involves melting of 
the sample in a specially designed cell (in our case, 
made of Mo), production of a vapor that exits the top 
of the crucible in the Knudsen flow regime, line of 
sight ionization of neutral vapor species, and meas-
urement of the ionized isotopes on a mass spectrome-
ter, in our case a magnetic sector instrument [9].  The 
high resolution of the magnetic sector instrument al-
lows separation of the 39K peak from background hy-
drocarbons, and hence more accurate measurements.  
Our experimental results are shown on Fig. 2, 
which is a plot of measured 39K as a function of tem-
perature for: (1) Parana basalt, (2) Parana basalt melted 
in the presence of flux, (3) non-isotopically enriched 
spike glass melted in the presence of flux, and (4) flux 
as a control. The salient results of these experiments 
can be summarized as follows: KEMS provides long 
lived (2-3 hours), stable 39K signals from all of the 
analyzed samples (except for the control, which con-
tains no measureable K); K measurements can be made 
at low temperature (<1000oC) during flux assisted 
melting, (3) the onset of K-vaporization occurs at the 
same temperature for both the spike glass and the bas-
alt during flux-assisted melting, indicating that equili-
bration of K-isotopes from sample and spike should be 
readily achievable. 
 
Future Work: Presently, we are synthesizing a second 
batch of an isotopically-enriched spike that will be 
used to produce our first age measurement using the 
methodology we have developed. This will be accom-
plished in a 2-step procedure in which a mixture of 
flux, Parana basalt, and spike glass are combined in a 
Knudsen cell crucible and melted in a furnace attached 
to a noble gas mass spectrometer in the Geological and 
Planetary Sciences Department at Caltech. The gases 
released following melting will be analyzed to measure 
the Ar-isotopic composition. The melt will then be 
quenched, and the Knudsen cell crucible containing the 
glass will be sent to NASA Glenn Research Center for 
measurement of the K-isotopic composition of the 
glass using a KEMS instrument. From these isotope 
ratio measurements, the age of the Parana basalt sam-
ple will be computed. 
Once we have successfully demonstrated an end-
to-end age measurement using this technique, we will 
begin the construction of a single benchtop instrument 
that can accomplish the entire measurement in a sin-
gle-step melting procedure. Due to the simplicity of 
our measurement technique, the benchtop instrument 
system will be relatively straightforward to build and 
operate. Essentially what we require is a resistance 
furnace, a line-of-sight ionizer, standard plumbing for 
enrichment and sequestration of noble gases, and a 
small mass spectrometer capable of measuring isotope 
ratios. From this basic benchtop architecture, we can 
design a suitably miniaturized instrument system for 
field testing and eventual flight prototyping. 
In summary, we have developed an inherently 
simple experimental methodology that can be em-
ployed for  the measurement of K-Ar whole rock ages 
on the surface of Mars, the Moon, and other Solar Sys-
tem bodies of interest. Our technique requires neither 
high fusion temperatures for Ar-release, nor a means of 
weighing aliquots of sample to relate K-concentration 
to Ar-abundance; both of which have been significant 
technical hurdles that have hampered previous at-
tempts to produce in-situ instruments for K-Ar geo-
chronology. This technique is applicable to materials 
with low-K concentrations, and requires only the 
measurement of isotope ratios, making in-flight mass 
spectrometer calibration simple or perhaps even un-
necessary. 
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 Fig. 2: 39K signal measured on the NASA Glenn Research Center KEMS as a function of temperature . Note that 
the onset of 39K signal for flux assisted melting of basalt and spike occurs at 845oC, which is the melting point of 
the Li-metaborate flux. 
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Introduction: Space Technology’s grand challenge 
is to enable transformational space exploration as well 
as scientific discovery. Two avenues under this chal-
lenge involve surviving extreme space environments 
and providing new tools of discovery. The Exploration 
Portable Electrostatic Detector (xPED) provides a way 
to fulfill both avenues.  
     Astronauts and roving objects exploring dynamic 
regions such as at the lunar polar craters, near earth 
objects (NEOs) such as asteroids, and Mars, can expe-
rience electrical charge build up through contact elec-
trification. Under certain conditions, charge accumula-
tion can become substantial, lasting for an extended 
period of time [2]. This charge accumulation presents 
hazards associated with destruction of equipment, dust 
adhesion and electrostatic discharge. Knowing ones 
charged state is of importance in order to avoid such 
hazards and xPED, is a device that can potentially re-
medy this issue. 
 The Instrument: The Exploration Portable Elec-
trostatic Detector is a stand alone, miniature elec-
trometer that houses an on board digital storage capa-
bility, allowing the observer to collect data on the local 
electrical environment for analysis at a later time. With 
this functionality, xPED becomes a new science ena-
bling tool, observing and collecting data for any envi-
ronment it is placed in.  
xPED has been used to successfully sense high 
electric fields from terrestrial mixing dust columns [3], 
local tribo-charging while roving through dusty terrain 
during a mock EVA, and changes in the local electro-
statics of the environment during a thunderstorm [4].  
Its design is based upon the successful electrometer 
build for Mars-Analog dust devil studies by Jackson 
and Farrell [3], and consists of three stages: 1) the 
sensing plate and capacitor divider, 2) a high-input 
impedance electrometer amp, and 3) the low-pass se-
cond-order Butterworth filter, which limits the fre-
quency response of the device to less than 10 Hz [3]. 
Figure 1 is a simple block diagram of the device to 
illustrate its functionality.  
 
Figure 1: Block diagram of the xPED system. 
 
 The original electrometer design, shown if Figure 
2, made use of a bleed off resistor to remediate charge, 
and was used for dust devil studies in California, Ari-
zona and Nevada.  
 
            
Figure 2: Current xPED 
 
These studies involved the use of the Personal Daq/55 
(Data Acquisition Unit) from Iotech, Inc. The Daq 
converted the analog voltage output to a digital signal 
that was viewed in real time and captured onto a com-
puter. Data from these tests was obtained by attaching 
the electrometer to a chase vehicle and intercepting 
dust devils. Figure 3 shows data collected from a dust 
devil at the Rosamund Lake Bed in California in 2004.  
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Figure 3. Electric field in a tribo-charged dust devil 
[3]. 
 
The electric field sensed was ~58kV/m, indicating that 
large tribo-electric fields are expected in mixing dust 
columns. The twin-peak signature of the electric field 
is due to the chase vehicle entering, passing through 
the center, and leaving the dust feature [3].  
 The next version of xPED that was used during a 
mock EVA at the DRATS (Desert Research and Tech-
nology Studies) test site in 2011 incorporated the use 
of a mechanical relay as a charge hazard alert in place 
of the bleed off resistor in the original design. This 
setup also involved the use of the OMEGA DAQPRO-
5300, which eliminated the need for a computer and 
external power supply for capturing/viewing and sav-
ing data. This version was truly portable. Data was 
collected by fixing the xPED system to an observers 
leg (see Figure 4), and roving through dusty terrain. 
During this excursion, the electrometer sensed tribo-
charging of the dust as well as local electrostatics as-
sociated with a passing thunderstorm that occurred 
during the EVA. 
 
 
Figure 4. Early xPED system for mock EVA. 
 The next version of xPED, which is currently 
under fabrication, now includes the on board storage 
capability, making the xPED system independent of 
any external power and capture device for greater 
portability.  
             Conclusion: While xPED can be used to investi-
gate electrical processes for the purpose of gaining a 
scientific understanding of the selected environment, 
the data can also be used to aid human systems (i.e. 
astronauts and any human-made equipment) in reduc-
ing/avoiding risks associated with charge hazards.  
 
Figure 5. Astronaut equivalent circuit for tribocharging 
[2, 4]. 
 
As shown in Figure 5, the human system (astronaut) is 
represented by a capacitor, which holds the charge that 
xPED can monitor. When the switch is closed, the as-
tronaut is roving and collecting charge. In extreme en-
vironments such as lunar polar craters, charge buildup 
(through tribo-charging) can become substantially high 
for long periods of time due to reduced photoelectric 
and plasma currents. Hazards associated with charge 
buildup include electrostatic discharge, dust adhesion, 
and destruction of equipment [2]. By knowing the elec-
trical characteristics of an environment, we are better 
suited to understand and avoid the associated risks, 
increasing human system survivability during missions 
to NEOs, the Moon and Mars.  
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T. L. Jackson et al. (2012) 2nd NSBE Aerospace Sys-
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216 LPI Contribution No. 1683
The Composite Infrared Spectrometer on Cassini: 15 years in Flight.  D. E. Jennings1, V. G. Kunde2, F. M. Fla-
sar1 and the CIRS Team, 1Goddard Space Flight Center, Greenbelt, MD 20771, 2Department of Astronomy, Univer-




Introduction:  The Composite Infrared Spectrome-
ter (CIRS, Figure 1), one of the optical remote sensing 
instruments on Cassini, has been performing success-
fully since its launch in October, 1997 [1, 2]. After 
fifteen years many features of the hardware and opera-
tion of CIRS still lead the field in infrared spectrome-
ters for space. CIRS is a Fourier transform spectrome-
ter (FTS) designed to record thermal infrared spectra 
of Saturn and it’s rings and moons to study their tem-
perature structures, compositions and atmospheric dy-
namics (Figure 2). CIRS covers over two orders of 
magnitude in wavelength, 7 to 1000 µm, with spectral 
resolutions between 0.5 and 15 cm-1 that can be se-
lected to achieve the science goals of individual obser-
vations. CIRS has been used by Cassini scientists to 
characterize storms on Saturn, seasonal changes on 
Titan, hot fissures on Enceladus and thermal properties 
of the rings. 
 
Several design aspects of CIRS, which are still consid-
ered front-line FTS technology, were tried for the first 
time on this mission. CIRS combines two interferome-
ters to cover the wide wavelength range. A Michelson 
interferometer covers 7-17 µm with a potassium bro-
mide beamsplitter, while a Martin-Puplett interferome-
ter covers 17-1000 µm with a polarizer beamsplitter 
combined with polarizers at the input and output. CIRS 
has three focal planes: a single field-of-view in the 
long-wave interferometer and two 10-element arrays in 
the short-wave interferometer. Thermocouple detectors 
in the long-wave and HgCdTe detectors in the short-
wave optimize the sensitivity in three spectral bands. 
Retroreflectors in the two interferometers are both 
translated with a single mirror transport mechanism. A 
hollow cube-corner retroreflector is used in the short-
wave interferometer and a dihedral mirror is used in 
the long-wave interferometer. The reference interfer-
ometer uses a diode laser to generate control fringes 
and an LED for a “white-light” fringe to initiate sam-
pling. A large amount of instrument status data, re-
corded with each spectrum, is used in spectral calibra-
tion, health monitoring and trouble-shooting. 
 
Although the instrument has consistently recorded 
high-quality data and met the goals of the investiga-
tion, certain “quirks” in the functioning of the instru-
ment itself, as well as it’s interaction with other in-
struments and with the spacecraft, have sometimes 
challenged the team as it operates CIRS and uses its 
data. Solving these unexpected problems has often led 
to innovations that may be applicable to any space-
borne FTS. 
 
References: [1] Kunde, V. G. et al. (1996) SPIE 
2803,162–177. [2] Flasar, F. M. et al. (2004) Space Sci-




Figure 1. CIRS during integration on Cassini. 
 
 
Figure 2. A spectrum of Saturn’s moon Titan combin-
ing data from all three CIRS focal planes. 
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Introduction:  Mars is well recognized in the 
NASA astrobiology roadmap as a prime target for 
astrobiological investigation and is the recommended 
target for the next NASA flagship class mission in the 
recent NRC Planetary Science Decadal Survey.  
Among the goals outlined in the roadmap is the 
detection and identification of organic molecules that 
could serve as evidence of extinct and/or extant life. 
We are developing techniques for Martian atmospheric 
pressure ionization (MAPI) of organic molecules of 
astrobiological significance to enable their detection 
and quantification via mass spectrometry with minimal 
sample handling and preparation.   
Traditional ion optics do not function at Mars 
ambient pressures, making MAPI approaches 
intractable or insensitive at best, using conventional 
technology.  However, electrodynamic ion funnels 
function at near 100% collection efficiencies in the 0.1 
– 20 Torr range, inclusively covering the range of 
Martian surface pressures. We have recently shown 
that an electrodynamic ion funnel (IF) mass 
spectrometer (MS) system enables the sensitive mass 
spectrometric detection and analysis of elemental ions 
created in the ambient Martian atmosphere [1] via high 
irradiance laser ablation.   
Currently, we are expanding the application of this 
technology by demonstrating that two-step low 
irradiance laser desorption (LD)-MAPI techniques 
extend the capabilities of an IF-MS system to include 
detection and identification of potential biomarker 
compounds.   Here we present preliminary work on 
LD-photoionization of organics The concept is 
depicted schematically in Figure 1.  
LD-Photoionization:  UV photoionization is a 
relatively straightforward process with a high response 
to chemicals with low ionization potentials.  Further, it 
is not limited by reactant density and has a large linear 
dynamic range.  Essentially, if the energy of a photon 
incident upon a molecule is greater than the ionization 
potential, there is a significant probability that the 
molecule will be ionized.  UV photoionization is used 
in terrestrial laboratories to provide sensitive and 
selective detection of compounds that would also be of 
interest to astrobiology.  For example, photoionization 
detectors are often used in gas chromatography for 
selective detection of unsaturated organics. 
Table 1 shows the ionization potentials of a variety 
of potential biomarkers representing amino acids, 
nucleobases and polycyclic aromatic hydrocarbons 
Table 1.  Ionization energies for potential 
biomarkers and the major constituents of the 
Martian atmosphere contrasted against the photon 
energies produced by candidate UV lamps. 
















Species IE (eV)     
 
uracil† 9.15 ✔ ✔ ✔ ✗ ✔ 
glycine‡ 9.02 ✔ ✔ ✔ ✗ ✔ 
phenylalanine‡ 8.9 ✔ ✔ ✔ ✗ ✔ 
adenine† 8.20 ✔ ✔ ✔ ✔ ✔ 
anthracene§ 7.4 ✔ ✔ ✔ ✔ ✔ 
coronene§ 7.3 ✔ ✔ ✔ ✔ ✔ 
CO2 (95.32%) 13.8 ✗ ✗ ✗ ✗ ✗ 
N2 (2.7%) 15.6 ✗ ✗ ✗ ✗ ✗ 
Ar (1.6%) 15.8 ✗ ✗ ✗ ✗ ✗ 
O2 (0.13%) 12.1 ✗ ✗ ✗ ✗ ✗ 
CO (0.08%) 14.0 ✗ ✗ ✗ ✗ ✗ 
H2O (210 ppm) 12.7 ✗ ✗ ✗ ✗ ✗ 
 NO (100 ppm) 9.3 ✔ ✔ ✔ ✗ ✔ 
H2 (15ppm) 15.4 ✗ ✗ ✗ ✗ ✗ 
Ne (2.5 ppm) 21.6 ✗ ✗ ✗ ✗ ✗ 
CH4 (10 ppb)) 12.6 ✗ ✗ ✗ ✗ ✗ 
†nucleobase, ‡amino acid, §PAH;  RL: low pressure 
resonance line lamp; CS: high pressure continuum source 
 
Figure 1.  MAPI concept for biomarker detection.  
Laser desorbed neutrals are photoionized and 
efficiently collected at Martian ambient pressure using 
an ion funnel for analysis with an orthogonal sampling 
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(PAHs). The table also indicates the photon energies 
produced by some common resonance discharge lamps 
as well as high pressure Xe and Kr continuum lamps.  
As indicated in the table, such lamps are capable of 
ionizing a range of potential biomarkers.  Further, the 
table shows that none of the major constituents of the 
Martian atmosphere (down to the parts-per-million 
[ppm] level) can be ionized by these sources, with the 
exception of NO (at 100ppm).  However, even with a 
minimal NO+ production possible, this signal would 
be easily discriminated by mass spectrometric analysis. 
Therefore, it is expected that these (or similar) light 
sources will enable LD-MAPI.  Of note, some degree 
of selectivity is achievable through a judicious choice 
of the UV lamp(s) used.  
Experiment:  Experiments are performed with a 
reflectron time-of-flight instrument that has been 
customized to operate with an ion funnel housed 
within a sample chamber filled with ~5 Torr CO2.  
Figures 2 and 3 show a schematic and a photograph of 
the LD-MAPI instrument, respectively.   
Briefly, the electrodynamic ion funnel is essentially 
a series of equally spaced, axially concentric, ring 
shaped electrodes whose the inner diameters decrease 
over its length.  DC potentials are applied to each 
electrode to produce a smooth potential slope along the 
axial direction such that ions drift toward the ‘small’ 
ID or ‘exit’ end.  Two radio frequency AC potentials, 
which are equal in amplitude and 180° out of phase, 
are then applied alternately to the ring electrodes.  The 
application of the RF potentials in this manner creates 
a local RF gradient field along the inner surface of the 
electrode stack.  When ions are introduced into the 
funnel, the DC potential drives them toward the exit 
while the effective RF barrier prevents the ions from 
hitting the electrodes.  The net effect is to axially focus 
the ions in a fashion analogous to a fluid being poured 
into a funnel.  
Preliminary Results:  Figures 4-6 show spectra 
acquired with the LD-MAPI test bed.  Spectra were 
obtained using an Nd:YAG laser in long pulse mode at 
1064 nm.  Ionization of the desorption plume was 
achieved with a Kr continuum UV lamp.  
Impact:  The LD-MAPI approach to Martian 
biomarker detection has the potential to provide 
significant benefits for any in situ Martian astrobiology 
mission.  This approach, in conjunction with an IF-MS 
system, will greatly reduce the complexity of direct, 
accurate and rapid detection and identification of 
biomarkers by desorbing, ionizing, transporting and 
focusing these compounds within the ambient Martian 
atmosphere.  This ability will allow for the analyses to 
proceed with minimal sample 
manipulation/preparation and without any upper bound 
on sample size.  By doing so, the mechanical and 
logistical complexity of a robotic in situ interrogation 
will be greatly reduced. These factors make the 
envisioned instrument concept an ideal candidate for 
future missions that will seek to detect, identify and 
Figure 2.  Schematic of the LD-MAPI test-bed 
instrument:  attenuator (A), focusing lens (L), mirror 
(M), sample (S), desorption plume (DP), ion funnel 
(IF), ion guide (IG), einzel lens (EL), orthogonal 
extractor (OE), time-of-flight mass spectrometer (TOF-
MS), reflectron (R) and multi-channel plate detector 
(MCP).  The test-bed is depicted in a photoionization 
mode. 
Figure 3. Experimental setup for MAPI experiments.  
The ion funnel chamber is pressurized at a few Torr 
of CO2 to simulate ambient Martian conditions. 
Figure 4. Spectrum acquired using the LD-MAPI test 
bed instrument with a Kr continuum photoionization 
lamp.  The spectrum shown is an average of ~1300 
laser shots at 1064 nm (~1.0×107 W cm-2) incident on 
a film of phenylalanine (165.19 g mol−1). 
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quantify compounds of astrobiological significance on 
Mars.  
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Figure 6. Spectrum acquired using the LD-MAPI test 
bed instrument with a Kr continuum photoionization 
lamp. The spectrum shown is an average of ~480 laser 
shots at 1064 nm (~1×107 W cm-2) incident on a 
microbialite sample  from Death Valley, CA [2]. 
 
Figure 5. Spectrum acquired using the LD-MAPI test 
bed instrument with a Kr continuum photoionization 
lamp. The spectrum shown is an average of ~60 laser 
shots at 1064 nm (~1.0×107 W cm-2) incident on a 
pressed pellet of 0.1% coronene in CaSO4⋅2H2O  
(300.35 g mol−1). 
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Introduction:  We developed a dust mass spec-
trometer to measure the composition of ballistic dust 
particles populating the thin exospheres that were de-
tected around each of the Galilean moons. Since these 
grains are direct samples from the moons’ icy surfaces, 
unique composition data will be obtained that will help 
to define and constrain the geological activities on and 
below the moons’ surface. The proposed instrument 
will make a vital contribution to ESA’s planned JUICE 
mission and provide key answers to its main scientific 
questions about the surface composition, habitability, 
the icy crust, and exchange processes with the deeper 
interior of the Jovian icy moons Europa, Ganymede, 
and Callisto. 
The SUrface Dust Aanalyser (SUDA) is a time-of-
flight, reflectron-type impact mass spectrometer, opti-
mised for a high mass resolution which only weakly 
depends on the impact location. The small size 
(268×250×171 mm3), low mass (< 4 kg) and large sen-
sitive area (220 cm2) makes the instrument well suited 
for the challenging demands of the JUICE mission to 
the Galilean moons Europa, Ganymede, and Callisto. 
A full-size prototype SUDA instrument was built in 
order to demonstrate its performance through calibra-
tion experiments at the Heidelberg dust accelerator 
with a variety of cosmo-chemically relevant dust ana-
logues. The effective mass resolution of m/Δm of 150-
200 is achieved for mass range of interest  m = 1-150. 
Dust Exoclouds: The basic idea of compositional 
mapping [1], [2] is that moons without an atmosphere 
are ensgulfed in clouds of dust particles released from 
their surfaces by meteoroid bombardment. The ejecta 
cloud particles can be detected and their composition 
analyzed from orbit or during a spacecraft flyby. The 
ejecta production process is very efficient: a typical 
interplanetary 10-8 kg micrometeoroid impact on a Jo-
vian moon produces a large number of ejecta particles 
whith a total mass on the order of a few thousand times 
of that of the impactor [3]. These ejecta particles move 
on ballistic trajectories and most of them re-collide 
with the satellite due to the lower initial speed. As a 
consequence, an almost isotropic dust exosphere is 
present around the moon [4] [5].  
 
Moon Yield (kg/s) Impact Rate (1/min) 
  200 km 400 km 
Europa 17000 35 11 
Ganymede 3900 28 10 
Callisto 670 10 4 
Tab. 1 Parameters of dust exospheres of the JUICE 
target moons Europa, Ganymede, and Callisto. The 
table shows the ejecta mass yield Y and the impact 
rates of grains >200 nm expected to be detected by 
SUDA at 2 typical orbiter altitudes. The calculations 
have been performed using the full cloud theory by 
Krivov et al. [4]. 
 
In 1999, the Galileo dust instrument measured the 
density profiles of the tenuous dust exospheres around 
the Galilean satellites Callisto, Ganymede, and Europa 
[6]. The cloud density decreases asymptotically with 
radial distance as r-5/2, i.e. the cloud extent is only of a 
few moon radii. However, a spacecraft in close orbit 
around a Galilean satellite  will detect a substantial 
number of ejecta particles (Tab. 1). The initial speed of 
most ejecta particles is smaller than the escape veloci-
ty, which in turn is much smaller than the speed of an 
orbiting  spacecraft. The ejecta particles thus hit the 
dust detector with the velocity of the spacecraft and 
arrive from the apex direction. The dynamic properties 
of the particles forming the ejecta cloud are unique and 
can be clearly distinguished from any other kind of 
cosmic dust likely to be detected in the vicinity of the 
satellite. 
Surface Composition of the Galilean satellites: 
For planetary scientists, the Galilean moons satellites 
Europa, Ganymede, and Callisto are amongst the most 
interesting bodies in the solar system. Their surface 
composition is revealing the past and recent geophysi-
cal processes both on and below the surface, and a dust 
mass analyzer onboard the JUICE mission will allow 
us to acquire this invaluable knowledge. In particular, 
hydrated forms of minerals such as sodium carbonates 
and magnesium sulfates present in the ice surface 
probably represent deposits of materials from below 
the ice crust [8].  
 Ejecta particles from Europa, Ganymede, and Cal-
listo will mostly consist of water ice with traces of 
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hydrated minerals such as sodium carbonates and 
magnesium sulphates, hydrated sodium chloride, and 
of organic materials. The spectra of Enceladus plume 
particles and E ring grains obtained by the Cassini dust 
detector CDA [8], [9], [10] detected at low impact 
speeds are, thus, be similar to mass spectra of cloud 
particles of Galilean moons. Impact spectra of slow 
water ice particles are dominated by positive water 
cluster ions (H2O)nH+. Traces of hydrated minerals 
embedded in the grains' ice matrix will manifest them-
selves as positive cluster ions formed from their metal-
lic component and water such as (H2O)n(MgOH)+ [11]. 
A dust mass spectrometer in orbit around a Galilean 
satellite will mostly record mass spectra with the mass 
range up to 150 amu densely filled with mass lines. 
Thus, a surface composition analyzer for the Galilean 
satellites must be able to resolve adjacent mass lines in 
this range, i.e. its resolving powers should be beyond 
150.  
It is important to note that the interpretation of im-
pact mass spectra of surface ice ejecta particles is a 
well-developed technique aided by laboratory calibra-
tion measurements and yields clear composition analy-
sis, at least when compared to the more ambiguous IR 
spectrometry.of ejected surface ice is less ambiguous 
than by IR spectrometry. This is because the high mass  
resolution allows to constrain the nature of the mole-
cule by its mass.  
Instrument description: The SUrface Dust Ana-
lyser (SUDA) is a reflectron-type, time-of-flight im-
pact mass spectrometer, which has heritage from the 
Cassini CDA and the Stardust CIDA instruments. The 
main challenge for the design of a dust mass spectro-
meter is to achieve simultaneously a high mass resolu-
tion, a sufficiently large sensitive area, and a compact 
design. The plasma ions produced by the hypervelocity 
impact may have a broad energy distributions of up to 
100 eV, which limits the mass resolution of linear TOF 
dust spectrometer of reasonable size to about m/Δm = 
50. The effect of the initial energy spread on the mass 
resolution is significantly reduced by employing a so-
called reflectron acting as an electrostatic mirror [12]. 
The ion optics of large area reflectron mass spectrome-
ters can be designed using optimization methods to 
ensure simultaneously the good spatial and time focus-
ing of ions. The combination of a plane target, a set of 
ring electrodes and an hemispherical reflectron grid 
yields a good performance instruments (Fig. 1, 2).  
The SUDA mass spectrometer is a scaled-down 
version of the Large Area Mass Analyser LAMA [13]. 
However, there are significant differences between the 
design of LAMA and SUDA, which does not have a 
field-free drift region between the acceleration grid and 
the reflectron unit and employes a larger number of 
ring electrodes (see Fig. 1). The instrument size is 
268×250×171 mm3 and the weight of the laboratory 
prototype is 5 kg. 
Dust particles enter the aperture and fly through a 
set of shielding grids and reflectron grid before impact-
ing on the planar, ring shaped target (Fig. 1). Even a 
relatively slow dust impact of  typically 1.6 km/s gen-
erates a sufficient amount amount of atomic and mo-
lecular ions for the in-situ mass analysis of the grain’s 
material. A strong electric field generated by the 2.5 
 Fig. 2 SUDA laboratory model before integration into 
the test chamber of the Heidelberg dust accelerator. 
 
 
Fig. 1 Cut through the SUDA impact mass spectrome-
ter. 
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kV bias potential on the target accelerates the ions to-
ward the ions detector, where they are detected in a 
time-of-flight fashion focusing by the reflectron. The  
acquisiton of the mass spectra is triggered by the im-
pact generated charge pulse detected by the charge 
sensitive electronics connected to the target. The re-
tarding field of the reflectron was optimized to achieve 
the best spatial and time focusing at the ion detector 
area in the center of the instrument.  
      An Add-on instrument, called Dust OrbiTrap Sen-
sor (DOTS) is proposed as an option of SUDA. This 
sensor will be able to perform parallel measurements 
of dust particles with the objective to collect the pro-
duced ions into a Fourier Transform-Orbitrap high-
resolution mass analyser. This sensor will have a re-
duced sensitive area of 20 cm², and will be optimized 
to analyse ions resulting from the dust impact with a 
mass-resolving power better than 7 000 at 50 amu. 
This mass resolution will allow to provide a molecular 
formula for all ions, including organics containing H, 
C, N, O and S up to 75 amu.  The main objective of 
DOTS is therefore to describe the organic content of 
the dust ejected from the Galilean moons. The orbitrap 
mass analyser was first described in 2000 [14]. It is 
small size (4x3x3cm) and consists in three carefully 
shaped electrodes trapping the ions in a quadro-
logartithmic electric field in which they oscillate. The 
FT analysis of the signal induced by the coherent oscil-
lation of ions leads to a frequency spectrum, directly 
related to the intensity and exact mass of trapped ions. 
Extreme resolving power up to 250 000 at 400 amu are 
commonly obtained in the commercial instrument. 
Since 2009, CNES has funded an R&T program in 
order to study the space applications of the concept. A 
consortium of 4 laboratories located in France: 
LATMOS, LPC2E, LISA, coordinated by IPAG in 
collaboration with thermoelectron company which 
commercialize the concept since 2005, was organized 
[15]. A prototype instrument relying on laser desorp-
tion ionization recently reached high mass resolving 
power of 280 000 at 56 amu. 
Instrument performance: SUDA was tested using 
the Heidelberg 2 MV Van de Graaff dust accelerator 
[16] to simulate hyper-velocity impacts of cosmic dust 
particles. We performed calibration experiments with 
powders of submicron-sized Fe/Ni, orthopyroxene, 
pyrrhotite, and latex particles. This choice of test parti-
cles covers a broad variety of materials representive 
for cosmic dust grains of planetary, interplanetary, and 
interstellar origin. The vast majority of the dust im-
pacts were slower than 4 km/s, which is similar to the 
typical ejecta impact speeds onto a detector orbiting 
one of  the JUICE target moons. The grain sizes ranged 
between 200 nm and 1 µm, which are typical for sur-
face ejecta. Fig. 3 shows two typical examples of 
SUDA impact spectra. 
We determined the mass resolution of prominent 
mass lines by measuring the line width at half of the 
line's amplitude (full width at half maximum- FWHM). 
Fig. 4 shows the dependence of the resolution on the 
impact location and on the reflectron voltage.  
 References: [1] S. Kempf et al. (2009) EPSC, 
472–473, [2] F. Postberg et al. (2011) Planet. Space 
Sci., 371, [3] D. Koschny & E. Grün (2001) Icarus, 
154, [4] A. V. Krivov et al. (2003) Planet. Space Sci. 
51, [5] M. Sremcevic et al. (2003) Planet. Space Sci. 
51, [6] H. Krüger et al. (1999) Nature, 399. [7] T. B. 
McCoord et al. (1998) Science, 280, [8] J. K. Hillier et 
al. (2007) Mon. Not. R. Astron. Soc. 377, [9] F. Post-
berg et al. (2008) Icarus, 193, [10] F. Postberg et al. 
(2009) Nature, 459, [11] S. Kempf et al. (2011)  Pla-
 
Fig. 3 Example spectra of a pyroxene particle impact 
on a silver target and of a latex particle on a gold target 































































Fig. 4 Dependence of the width of typical mass lines 
on the impact location and on the reflectron voltage 
Ur. For Ur>2700V adjacent mass lines are resolved. 
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 We are developing monolithic backside 
illuminated  CMOS  detectors  as  soft  X-ray 
imaging  spectrometers  for  both  planetary 
and astrophysics  missions,  including X-ray 
fluorescence  studies  of  rocky  bodies,  and 
investigation of the magnetospheres of the 
gas giants and their moons. CMOS devices 
represent  a  significant  advance  over  CCD 
technology and have unique properties that 
would make them the sensors of choice for 
planetary  mission  environments.  The 
benefits of CMOS include:  1)higher levels of 
integration  which  provide  maximum  pixel 
gain and therefore very low noise.  2)Very 
fastparallel  output  signal  chains  for  high 
frame  rates;  (3)  At  most,  one  charge 
transfer so that they can withstand orders of 
magnitude  more  radiation  exposure  than 
conventional CCDs before degradation. The 
high read rate capability provides dynamic 
range  and  temporal  resolution  and 
minimizes  shot  noise  from  thermal  dark 
current  and  optical  light,  enabling  CMOS 
detectors  to  run  at  warmer  temperatures 
and  with  ultra-thin  optical  blocking  filters 
and  so  achiieve  near  unity  quantum 
efficiency  below  1  keV,  thus  maximizing 
response at the C and O lines.
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Introduction: The Active X-ray Spectrometer 
(AXS) for the SELENE-2 rover is designed to make X-
ray measurements on the hostile environment of lunar 
surface. It is mounted on the arm head of the lunar rov-
er of the SELENE-2 mission. The AXS data will be 
used to determine the element concentrations of various 
samples: rocks, regolith samples, and breccias encoun-
tered at the landing site and along the traverse of the 
rover. The AXS measures the major elements: Mg, Al, 
Si, Ca, Ti, and Fe; the minor elements, Na, K, P, S, Cl, 
Cr, and Mn and the trace element Ni, all depending on 
their concentrations. 
The samples will be compared with other lunar ma-
terials (Apollo lunar samples and lunar meteorites). 
These data will be used to characterize the geochemis-
try of the landing site and the subsequent traverse of 
the rover.  
Depending on the landing site, new insight into the 
lunar geochemistry and evolution can be obtained with 
detailed in-situ measurement. As the Moon is an at-
mosphere-less body, the mechanical and thermal effects 
(melting) of impacts by micro-meteorites, small and 
large asteroids can be studied. The combined effect of 
bombardment and irradiation by visible light, ultra-
violet light, cosmic-ray radiation from the sun and the 
galaxy is called “space weathering” and can be investi-
gated during this mission. If a grinding tool is attached 
on the rover arm, the detailed comparison of AXS data 
of natural surfaces and abraded surfaces can provide 
profound insight in the effect of space weathering. 
Cooperation of the AXS with other instruments on 
the rover will greatly incease our basic geochemical 
knowledge of the landing site, which will be used to 
derive a more complete understanding of the present-
day lunar surface and its formation long time ago.  
X-ray Spectrometer: The AXS is a compact low-
weight instrument for elemental analysis based on the 
principle of X-ray fluorescence spectrometry, which is 
still the standard technique used in geological laborato-
ries for high accuracy elemental abundances. It consists 
of a sensor head and a main electronics box. As can be 
seen from Table 1, there are small and large concentra-
tion differences between elements. The anticipated X-
ray detector will have an excellent energy resolution to 
well separate the many X-ray lines in the recorded X-
ray spectrum. 
Table 1. Chemical data (in wt %) for different major 
lunar rock types. The KREEP type (rich in potassium 
(K), rare earth elements (REE) and phosphorus (P)) is 
the mean of several samples. 
 
 
The detection system of the AXS is made of an ultra 
low-noise silicon drift detector (SDD) with a built-in 
FET (integrated on chip). A two-stage thermo electrical 
cooler (type Peltier) will share the detector housing 
with the detector chip and provide the required cooling 
(<-5°C) to keep the excellent energy resolution. This 
space-proven apparatus is manufactured by the Max-
Planck-Institute Semiconductor Laboratory (MPI HLL) 
in Munich, Germany.  
The collimated detector in the center of the setup is 
surrounded by two or more X-ray sources (Fig. 1). A 
switchable X-ray generator is envisaged, either a min-
iature X-ray generator with a pyroelectric crystal that 
generates electrons that produce X-rays in a target ma-
terial such as Ta and Cu (similar to the COOL-X man-
ufactured by Amptek Inc., USA). The AXS can be op-
erated with running X-ray generator for in-situ analysis 
of samples or in wide field mode without generator 
using natural lunar X-rays such as solar X-rays or solar 
protons. 
A two-stage Peltier cooler with control electronics 
provides the necessary operation temperature for the X-
ray detector during the daytime or in the lab. The first 
stage electronics tolerates operational temperatures of 
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up to +70°C, while the pre-amplifier prefers tempera-
tures of ≤ +40°C, but, can operate at higher tempera-
tures (TBD) as well, however, with increased noise 
contribution to the signal. Additional cooling of the 
whole sensor head during hot-day operations will be 
obtained by an optical solar reflector (OSR) attached to 
the sensor head. Non-operational temperatures above 
about +100 °C (TBD) should be avoided for the sensor 
head. During the lunar night, the very low non-
operational temperatures below -100°C can be well 
endured as its strage temperature for the sensor head 
and its electronic components, which will be tested for 
this temperature range, and has already been demon-




Fig. 1. Preliminary 3-dimensional and cross-sectional 
view of the AXS sensor head. The sensor head 
consists of X-ray detector with a cooling system, X-ray 
generator and their electroncs. It is hovering in a 
typical distance above the ground to avoid 
contamination by dust. 
 
 X-rays Generator: A Pyroelectric crystal X-ray 
Generator (XRG), or as a less attractive substitute a 
miniaturized X-ray tube, will be used to generate X-
rays to avoid the disadvantages of radioactive sources. 
Pyroelectricity is the ability of certain materials to gen-
erate a temporary voltage when they are heated or 
cooled. A pyroelectric crystal to generate energetic 
electrons produces X-rays in the crystal itself and in an 
attached target material of typically Cu.  
The AXS XRG hermetically sealed in the package 
has a thin beryllium window, which allows the X-rays 
to be transmitted to the sample. The crystal to be used 
in the XRG is thermally cycled, typically between 20 
and 100°C. The XRG dominantly produces a 8 keV 
peak, when Ta and Cu are used, and a bremsstrahlung 
continuum. The total XRG output flux is a function of 
time for heating and cooling phases. Peak X-ray flux 
is expected to be 108 or more photons/s equivalent to 
or larger  than a 2 mCi source. The outer-size is 15 
mm in diameter and 10 mm high and its weight is 3.9 
g. With this X-ray generator, elements from Na to Ni 
and up to Pb  can be measured. 
Scientific Goals:  There are many scientific goals 
that can be addressed with the elemental data obtained 
by the AXS, because the most striking geological fea-
tures of the Moon is the compositional dichotomy be-
tween the nearside and farside hemispheres.  However, 
the AXS makes use of active X-rays source, which 
clarify the elemental compositions of the materials 
ranging from major to minor elements constituting the 
lunar surface materials, that is, independent of three 
major terrains: Feldspathic Highlands Terranes (FHT), 
Procellarum KREEP Terrane (PKT), and South Pole-
Aitken (SPA) Terrane [1-4]. The term KREEP is an 
acronym for lunar material rich in potassium (K), 
rare-earth elements (REE), and phosphorus (P).  
The Apollo landing sites were concentrated in the 
PKT, which is enriched in incompatible elements 
compared to the rest of the Moon.  Thus, the data re-
turned from the Apollo missions include a sampling 
bias that can lead to erroneous conclusions about the 
structure, composition and origin of the Moon as a 
whole. The in-situ determinations of the AXS will 
characterize the new site geochemically, provide 
ground-truth for orbiting instruments, and lay the 
ground for a future sample return mission collecting 
rocks that we do not have in our terrestrial laborato-
ries. Depending on the nature of the landing site, new 
insight into the lunar geochemistry and evolution can 
be obtained. 
Currrent Status: During the phase A of the AXS 
pre-project, feasibility study on the stability of X-ray 
flux of XRG, required surface roughness for XRS 
measurement on the Moon, camera image resolution, 
an expected experimental uncertainty of the AXS sys-
tem, thermal design as well as feasibility of rock 
abraision tool on lunar codition have been investigated. 
The AXS on the basis of collaborative work with 
LUMI has a high priority as a powerful and useful 
science payload for SELENE-2 rover along with the 
abrasion tool being developed by Honeybee Robotics. 
References: [1] Haskin, L. A. (1998). JGR 
103:1679–1689. [2] Jolliff, B.L., Gillis, J.J., Haskin, 
L.A., Korotev, R.L., Wieczorek, M.A. (2000). JGR 
105(E2), 4197-4216. [3] Korotev, R.L. (2000). JGR 
105(E2), 4317-4345. [4] Wieczorek, M.A., and Phil-
lips, R.J. (2000). JGR 105, 20,417-20,430 
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Introduction:  MIMOS IIa is a light-weight, low-
volume, low-power combined Mössbauer and X-Ray 
Fluorescence spectrometer (Fig. 1, Table 1) for the in-
situ characteriazation of Fe-bearing mineralogy, Fe 
oxidation states, magnetic properties and chemical 
composition of planetary surface materials [1,2]. The 
precursor instruments, the miniaturized Mössbauer 
spectrometer MIMOS II and the Alpha-Particle X-ray 
Spectrometer (APXS), have extensive flight heritage, 
e.g. from NASA’s Mars Exploration Rovers [3-9] or 
the ESA Rosetta mission [10]. MIMOS IIa has an 
ESA-assessed Technology Readiness Level (TRL) 5.8. 
Instrument Description:  MIMOS IIa is an ad-
vanced version of the Mars Exploration Rover (MER) 
Mössbauer spectrometers [3]. It consists of (i) a 
sensorhead (Fig. 1) carrying Mössbauer drive, detector 
system and amplifiers, and radiation source, and (ii) an 
electronics board holding data acquisition and instru-
ment control units (CPU + FPGA), voltage converters, 
and electrical and data interfaces to the spacecraft. No 
sample preparation is necessary. The instrument needs 
to brought in contact with the material to be analyzed. 
Dimensions, mass, power consumption, data rate. 
The sensorhead volume is 50 × 50 × 90 mm³, the elec-
tronics board is 100 × 160 × 25 mm³. The whole sys-
tem including connecting cables weighs < 500 g. Pow-
er consumption is 4 W during data acquisition and can 
be turned off if the instrument is not operating. Data 
product size per analysis is 512 kBytes (4 Mbit). 
Detector system and analysis time. One weakness 
of the MER instruments were long data acquisitions of 
4 hrs with a fresh radiation source and mutliples there-
of upon its decay [11]. MIMOS IIa uses Si Drift Detec-
tors (SDDs) [12] instead of Si PIN diodes, building on 
the experience of using SDDs in the APXS. Their high 
energy resolution leads to an improved signal-to-noise 
ratio which reduces the required measurement time by 
an order of magnitude. They also allow high resolution 
XRF spectroscopy down to ~1 keV, i.e. detection of 
elements with Z ≥ Na, in parallel to Mössbauer meas-
urements. 
Radiation source. Decay of the radioactive isotope 
57Co in Rh matrix source provides 14.4 keV γ-rays 
used for Mössbauer spectroscopy, and 122 keV and  
 
Figure 1. MIMOS IIa Sensorhead with 8 redundant 
Silicon Drift Detectors (outer cover, amplifier electron-
ics and detector windows opened). 
 
Table 1. MIMOS IIa Specifications at a glance. 
Volume  50×50×90 mm3 (sensorhead) 
160 ×100×25 mm3 (control electr.) 
Mass  350 g (sensorhead)  
120 g (control electronics) 
Power  4 W  
Temperature range  −120 . . . +30C (operational) 
-150°C…+100°C (non-operating) 
Energy resolution  140 eV @ Fe-Kα  
XRF-Energy range  0.8. . . 140 keV @ lowest gain  
Irradiation  57Co  
Spot diameter  <1 mm to 14 mm (selectable) 
Acquisition time  5. . . 30 min, typically  
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136 keV γ-rays as well as 6.4 keV Fe and 20.1 keV Rh 
Kα X-rays to be an effective excitation source for XRF 
spextroscopy. Compared to X-ray tubes used in com-
mercial handheld XRF spectrometers, the radioactive 
isotope has the advantage of zero power consumption. 
Flight heritage and Technology Readiness Level. 
MIMOS IIa combines the flight heritage of MIMOS II 
(e.g. MER [3-6, 11], Beagle 2 [13], Phobos-Grunt 
[14]) and the experience with SDDs to obtain XRF 
spectra with the APXS (e.g. MER [6-9], Rosetta [10]). 
MIMOS IIa has been assessed as TRL 5.8 following 
ESA’s ExoMars Payload Design Review in November 
2008. 
Lunar Exploration:   
Characterisation of lunar dust and regolith. The 
information provided by MIMOS IIa allows to differ-
entiate between maria, highlands or KREEP material or 
to distinguish between volcanic-ash regolith and im-
pact-derived regolith [15]. The Fe0 content of surface 
fines is a measure of exposure time [15], which may be 
used to constrain the flux of micrometeoroids. The Fe0 
content of lunar dust is essential to assess its toxicity 
towards humans as well as to understand electrostatic 
mobilization (“levitating dust”). We proposed MIMOS 
IIa as a CDI response for ESA’s Lunar Lander [16]. 
In Situ Resource Utilisation. The yield of oxygen 
that can be extracted from lunar regolith is directly 
proportional to FeO content [17]. Several oxygen ex-
traction hardware concepts were evaluated during two 
field tests on Mauna Kea, Hawaii, in 2008 [18] and 
2010 [19,20]. MIMOS IIa worked successfully as both 
a process monitor and a prospecting tool. Feedstock 
would be selected for high FeO content and mineral 
content: Ilmenite is reduced at 900°C, olivine at 
1000°C and all other FeO-bearing phases at 1100°C. 
Mars Exploration: The Mars Exploration Rovers 
set out to look for signs of ancient water, and to assess 
environmental conditions at that time and their suitabil-
ity for life. Here we give selected examples where 
Mössbauer and APXS provided major contributions. 
Carbonate identified in Gusev Crater provides evi-
dence for circumneutral pH water [6]. Silica-deposits 
suggest hydrothermal conditions [21]. Both support 
habitable conditions. At Meridiani Planum, jarosite is 
testimony to low-pH water [4], while gypsum veins 
constrain water temperature to below 60°C [22]. 
Asteroid Exploration: Knowledge of the ele-
mental and mineralogical composition of asteroids is 
essential to devise planetary defence strategies, assess 
mining potential, or link them to meteorite groups in 
Earth collections. Magnetic properties and Fe oxida-
tion states help to understand early Solar System pro-
cesses and space weathering. Mars’ moon Phobos may 
be a captured asteroid. The ill-fated Russian Phobos-
Grunt mission with a MIMOS II on board [14] was 
going to find out. Both iron and stony meteorites were 
identified by MER on Mars on the basis of Mössbauer 
and APXS data. The meteorites could be grouped [23], 
the stony meteorites encountered are paired [24]. 
Bounce Rock is the closest match of any rock investi-
gated in situ on Mars to martian meteorites in Earth 
collections [25], demonstrating the ability to link mete-
orites to their parent bodies. Payloads of the DLR 
ASTEX and ESA Marco Polo asteroid lander and sam-
ple return studies included MIMOS II [26] or APXS 
[27] instruments, respectively. 
Summary:  MIMOS IIa is a combined Mössbauer 
and XRF spectrometer within the volume, mass, power 
and data volume constraints of a single instrument. It 
provides chemical and mineralogical information fun-
damental for the understanding of the properties and 
history of planetary surface materials. Complementary 
information not available from other mineralogical 
techniques such as X-ray diffraction and Raman-LIBS, 
for example, is the quantification of Fe oxidation states 
or information on nanocrystalline and amorphous mate-
rial such as nanophase Fe0 particles or glass. 
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Abstract:  Mercury Dust Monitor (MDM) has 
been selected as a payload onboard the Mercury Mag-
netosphere Orbiter (MMO) of the ESA-JAXA joint 
Mercury exploration mission Bepi-Colombo [1] for 
aiming to investigate dust environment around Mercu-
ry.  The spacecraft will be launched in 2015 and, after 
arriving at Mercury in 2020, the MDM will observe 
dust particles in orbit around Mercury during 1 year as 
nominal operation.  In this paper, we summarize ob-
servational significance of Mercury ambient dust and 
report an overview of our instrument onboard the 
Bepi-Colombo MMO.  
In-situ Observation in the Inner Solar System:  
Previous mission: Helios is the only mission that 
conducted in-situ observation of dust particles near 
Mercury’s orbit [2]. Micrometeoroid Analyzers 
onboard the Helios spacecraft measured dust fluxes in 
the inner solar system between 0.31 and 1.0 AU from 
the sun in 1970s.  The Helios Micrometeoroid Ana-
lyzer detected 235 dust particles with masses between 
10-14 and 10-10 g using two sensors, the ecliptic sensor 
and the south sensor.  The total detection area is 120 
cm2 and the total observation period was about 140 
days near Mercury’s orbit (0.31 – 0.47 AU heliocentric 
distance) [2].  The number of detected particles is 
statistically of insignificance, but Helios in-situ meas-
urements revealed low fluxes of dust particles near 
Mercury’s orbit.   
  MDM of the Bepi-Colombo MMO.  In contrast 
to the Helios Micrometeoroid Analyzer, the Bepi-
Colombo MDM will observe dust particles only 
around Mercury between 0.31 and 0.47 AU heliocen-
tric distances.  The Bepi-Colombo MMO is designed 
to be in an elliptic orbit around Mercury with the 
perihermion of 400 km and the aphermion of 12000 
km (as of writing this paper).  Thus the MDM can 
detect dust particles of predominantly interplanetary 
origin near the aphermion, while dust cloud particle 
which is ejecta from the surface of Mercury by micro-
meteoroid bombardment are major detectable dust par-
ticles near perihermion [3].  The in-situ observation 
of dust clouds will contribute the study of the Na at-
mosphere of Mercury as mentioned below.  
Bepi-Colombo MMO is a spin-stabilized spacecraft 
as well as the Helios and the MDM will be installed on 
the side panel to face to in-plane direction of ecliptic as 
similar to the ecliptic sensor of the Helios Micromete-
oroid Analyzers.  Figure 1 shows a picture of the 
flight models of MDM-S and MDM-E.  The Bepi-
Colombo MDM uses four plate sensors of piezoelectric 
lead zirconate titanate (PZT) because it has (1) a sim-
ple configuration, (2) a large sensitive area compared 
with the mass of the system (220 g for sensor part, 381 
g for electronics), (3) high-temperature tolerance up to 
+230 °C, and (4) no bias voltage needed.  The Bepi-
Colombo MMO is smaller than Helios by about 100 kg, 
thus the resource for its science payloads especially for 
occupied volume is very severe; however, the MDM 
configuration met such tight requirement for the sci-
ence instruments.  The MDM has a sensitive area of 
64 cm2 with open aperture and the nominal observation 
is for 1 year. Thus, the MDM is predicted to observe 
almost similar number of interplanetary dust particles 
to the Helios although it depends on the lower limit of 
detectable mass range.  
Figure 1. Picture of the flight models of MDM-S 
and MDM-E as the top and bottom ones, respec-
tively. 
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Observational Significance of the MDM: The 
goal of the MDM is the observation of Mercury ambi-
ent dust particles and the environment of dust particles 
in the inner solar system. In particularly, the Mercury 
ambient dust particles are related to the space weather-
ing of the surface materials, the origin of Mercury's 
atmosphere, and the dust particles of Mercurial origin.  
Space weathering. Dust particles play an important 
role in space weathering of airless bodies such as the 
Moon and Mercury.  Bombardment of high-velocity 
dust particles on Mercury’s surface contributes to the 
production of its regolith layer.  Space weathering 
affects its optical properties.  As the surface under-
goes space weathering, the overall albedo is reduced, 
reflectance decreases with wavelength, and the depth 
of its diagnostic absorption bands is reduced.  The 
space weathering affects remote-sensing observations 
of reflectance spectrum by the visible-near infrared 
spectrometer complex SIMBIO-SYS onboard Bepi-
Colombo MPO [4].  The surface materials of old geo-
logical regions on the airless bodies have undergone 
the space weathering for long duration, while the in-
side regions of the newer craters and the area of impact 
cratering depots have undergone less space weathering.  
Thus, even if mineral compositions are the same, re-
flectance spectra can have difference.  Some craters 
can be found to have less space weathering effect.  
The changes in spectra depend on time duration for 
which the surface materials are exposed to the inflow 
dust.  Therefore, the dating of the Mercury surface 
can be constrained by determining the inflow dust flux 
into Mercury.  
   The origin of Na atmosphere. It has been 
known from ground-based spectroscopic observations 
that Mercury has a thin atmosphere composed of Na 
and K, but its release process from the surface materi-
als is still unknown.  Neither spattering by solar wind 
particle or energetic particle with < 1 MeV range can 
explains the production of Mercury atmosphere. Ka-
meda et al. suggested that vaporization effect by the 
impact of interplanetary dust into the Mercury surface 
might form the Na atmosphere of Mercury being re-
leased from the surface [5].  If the observation of Na 
atmosphere is compared to in-situ observation of inter-
planetary dust, it may provide us with crucial infor-
mation on the release process [6].  The dust cloud 
density could be associated with the Na density of 
Mercury’s atmosphere, if the dust cloud results from 
the bombardment of interplanetary dust.  The Mercu-
ry Sodium Atmosphere Spectral Imager (MSASI) on 
the MMO is a high-dispersion visible spectrometer 
working in the spectral region near the Na D2 emission 
(589 nm) and will provide new information of the Na 
atmosphere at the same time as the MDM.  The 
MDM observations will give a direct evidence for the 
Na release process. 
   Dust particles of Mercurial origin. Surface ma-
terials might escape from the Mercury, although they 
have not yet been directly observed.  Small bodies 
such as satellites and asteroids have weak gravitational 
fields that enable surface materials to easily escape as 
impact ejecta of meteoroid bombardment.  The dust 
detector subsystem (DDS) onboard Galileo detected 
dust particles ejected from the Jovian satellites, Gany-
mede, Europa, and Callisto.  Theoretical estimate of 
the total mass of impact ejecta is difficult because of 
unknown ejection mechanisms.  However, observa-
tion by a dust detector with a large detection area may 
determine the total mass of outflow materials. 
Instrumentation:  The MDM system is com-
posed of a piezoelectric ceramic sensor unit (MDM-S) 
attached to the side panel and the electronics unit 
(MDM-E) installed inside the MMO. Table 1 shows 
the property of the MDM instrument.  The MDM-S 
consists of four square plates of lead zirconate titanate 
(PZT) piezoelectric ceramic sensors (40 mm × 40 mm 
× 2 mm) coated with a white paint layer of 60 μm (ab-
sorptivity to sunlight α=0.40 and infrared emissivity 
ε=0.86) to reflect solar light.  The white paint is made 
of a polyimide and has a conductivity to avoid charge 
up of the sensors by the sun light exposure.  The elec-
trodes for the signal readout on the PZT sensors are 
made of silver and have a thickness of 5 μm. 
The PZT sensors generate charge signals depend-
Table 1. Properties of the MDM instrument 
Parameter  Value/description 
Sensor Piezoelectric ceramics 
Material Lead zirconate titanate 
(PZT) 
Supplier Honda electronics Co., Ltd. 
Dimension 4 cm × 4 cm × 2 mm for 
individual, 4 plates used 
Detection area Total 64 cm2 
Operational 
temperature 
–160 to 200 oC 
Frame of the sensor 125 mm × 125 mm × 7 mm, 
CFRP 
Feild of view  
Azimuth 360 o 
Elevation ± 90 o 
Angular resolution < 180 o 
Location On the side panel of the 
spacecraft 
Mass  
MDM-S (sensor) 220 g 
MDM-E (electronics) 381 g 
Power comsumption 4.0 W (nominal) 
231International Workshop on Instrumentation for Planetary Missions
  
ing on the magnitude of stress caused by the impacts of 
incident dust particles.  The momenta of the incident 
dust particles can be derived from the charge signals 
and the incident direction can be determined from the 
azimuth of the Bepi-Colombo MMO’s spin axis as of 
the detection.  The Bepi-Colombo MMO spacecraft 
spins with a period of 4 s. Because the spin axis is per-
pendicular to the ecliptic plane throughout the orbiting 
operations, the normal direction of the MDM is always 
parallel to the ecliptic plane, resulting in the highest 
sensitivity to particles moving on the ecliptic plane.  
The time of an impact event will be recorded by using 
a clock counter data from the MMO system and the 
time precision is about 2 ms (1/512 s).  The clock 
counter is reset at the timing when the sun sensor of 
the MMO is oriented to the sun, thus the pointing di-
rection of the MDM can be determined by the clock 
counter value and the angle between the MDM and the 
sun sensor positions, then the incoming direction of 
incident dust particles can be estimated from the clock 
counter value. 
The MDM-E uses four charge sensitive amplifiers 
(CSA) for the signal readout of the sensors.  The 
charge signals from the sensors are converted to volt-
age signals by the CSAs and are summed up by the 
following summing amplifier, and then digitized by an 
8-bit flash ADC with a certain sampling rate.  The 
sampling rate is changeable from 20 MS/s down to 156 
kS/s and can be selected by command.   
The data memory of the MDM is equipped to store 
the digital waveforms for detected dust impact events. 
Due to the resource limitation, the memory region is 
limited to be 950 sampling points.  In the nominal 
case, 95 sampling points are used for an impact event 
and then 10 events can be stored in the memory.  
Such signal processing as above starts at the moment 
when the PZT signal exceeds a certain threshold that is 
set by command.  The first 10 sampling points of the 
individual event are spared for baseline-level signal 
before the event trigger timing.  Stored waveform 
data eventually will be downlink to ground as wave-
form signals during daily operations.  Those wave-
form signals are used for identification of signal/noise, 
and for the measurements of the momenta of incident 
dust particles. 
Ground Experiment for Functionality check and 
Calibration:  To measure the physical parameters of 
impacting dust particles, such as velocity, mass and 
momentum, from the impact signals of the sensors, we 
need to obtain empirical formulae for calibration 
through ground experiments.  For the calibration, we 
have implemented a dust acceleration test campaign 
using a high voltage Van de Graaff dust accelerators at 
the Max Planck Institute for Nuclear Physics in Hei-
delberg, Germany, in April 2012.  This experiment 
was implemented for the qualification of flight sensors 
and the evaluation of functionality of the MDM system.  
Figure 2 shows examples of the waveform signal of the 
PZT sensors in the experiment.  Four flight PZT sen-
sors were selected out of whole sensor sets that we 
made including spare sensors and to evaluate the func-
tionality of electronics of the MDM-E in terms of sen-
sitivity.  This experiment was significant to determine 
the lower limit of the dynamic range of dust momenta.  
In the experiments, the dust particles of iron were ac-
celerated with the speeds in the range between 0.5 and 
10 km/sec and with the sizes of up to 2 μm.  The 
waveforms of impact signals from the PZT sensors of 
the MDM are processed with Fast Fourier Transfor-
mation to make frequency spectra.  The spectra have 
a strong resonance peak for real dust impact event and 
the intensity of the resonance peak around 1.1 MHz 
has linearity with the momentum transfer of an inci-
dent dust particle.  For future analysis of observation 
data, calibration curves will be produced from the rela-
tion between the momenta of dust particle measured in 
accelerator and the resonance peak intensity for indi-
vidual sensors. 
Concluding Remarks:  The Mercury Dust Moni-
tor (MDM) will be onboard the BepiColombo/Mercury 
Magnetosphere Orbiter to investigate the dust envi-
ronment around Mercury.  The information of inter-
planetary dust and the dust cloud around Mercury will 
contribute to the clarification of the release process of 
sodium from the Mercury surface to the atmosphere.   
As of writing this paper, we are analyzing the 
ground experiment data for the calibration of the elec-
tronics in order to determine the lower limit of the 
measurable range of dust particle momentum and the 
flight model of the MDM is undergoing the final ad-
justment and required environment tests.  
Figure 2. Examples of the waveform of the readout 
signal of a PZT sensor when hyper speed dust par-
ticles hit the sensors. 
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Introduction:  Magnetic susceptibility is a funda-
mental material property describing interaction of the 
material with magnetic fields. In rocks, magnetic sus-
ceptibility is sensitive to changes in ferromagnetic 
mineral concentrations. Thus, magnetic susceptibility 
reflects initial conditions of rock formation (mainly 
iron concentration and redox conditions) as well as 
secondary processes such as weathering and aqueous 
alterations. It is thus used as one of the main parame-
ters in basic geophysical, paleoclimatic and environ-
mental studies on terrestrial samples. 
Magnetic susceptibility is also a reliable, non-
destructive tool in distinguishing various types of ex-
traterrestrial materials (Fig. 1) [1], [2], [3] and in 
searching for compositional variations of meteorite 
falls [4], [5]. The advantage of a magnetic susceptibil-
ity measurement is its rapidity, non-destructivity, and 
simple instrumentation design. 
Magnetic susceptibility of planetary regoliths:  
We build on the extensive database of magnetic sus-
ceptibility measurements of meteorites to use it as a 
diagnostic tool to characterize the mineralogy and 
identify the meteorite analogs to planetary regoliths 
(Fig. 1). Regolith susceptibility measurement method-
ology is discussed in [6, 7, 8]. 
Magnetic susceptibility measurements complement 
reflectance spectroscopy as susceptibility is sensitive 
to metallic iron, iron oxides and sulfides concentra-
tions while reflectance spectroscopy is sensitive 
mainly to oxidized iron in silicates and organic materi-
als. 
Regolith on an airless body is subject to space 
weathering. This process is often associated with pro-
duction of iron nanoparticles. Such iron nanoparticles 
are in super-paramagnetic (SP) state exhibiting fre-
quency dependence of magnetic susceptibility. Thus, 
through measurement of magnetic susceptibility at two 
frequencies we can estimate amount of iron nanoparti-
cles within regolith and determine level of regolith 
maturity. 
Magnetic Susceptibility Meter (MSM) instru-
ment:  The design of proposed MSM instrument in-
corporates a simple LC oscillator with a coil 5 cm in 
diameter for contact measurements of surface suscep-
tibility. Such susceptibility measurement coil can be 
incorporated into lander or surface drop probe. 
Heritage and current status.  The idea of in-situ 
regolith susceptibility measurements has heritage in 
similar susceptibility meters built for the Russian 
PROP-F lander as a part of the Pobos 2 space probe. 
The MSM instrument is currently at TRL 4 (Technol-
ogy Readiness Level). The design is based on existing 
sensor (Fig. 2) from a commercial instrument (SM-30 
build by ZH instruments) used for terrestrial applica-
tions (geophysical prospecting). Major design changes 
needed for space qualified version have been success-
fully tested in the laboratory. TRL 5 is expected to be 
reached within 1.5 years and TLR 6 is expected to be 
reached in one additional year (by the end of 2014). 
Main instrument parameters. 
Mass ~100 g. 
Compact and robust design (~5 cm, compact encapsu-
lated coil). 
Power consumption <50 mW. 
Measurement time ~2-3 s 
No moving mechanical parts. 
Dual frequency measurement option (1:32 ratio). 
Regolith temperature measurement option. 
MSM basic functions.  The primary function of the 
MSM instrument is the magnetic susceptibility meas-
urement for regolith mineralogy characterization and 
identification of the meteorite analogs to planetary 
regoliths. 
The secondary function of the instrument is deter-
mination of regolith maturity through detection of iron 
nanoparticles. This is being achieved through dual 
frequency measurement feature of the MSM. 
A tertiary function of the MSM instrument is meas-
urement of the regolith temperature and its time varia-
tion. 
Instrument location.  The MSM sensor requires di-
rect contact with regolith. Thus, four locations of the 
instrument are possible. Te instrument can be located 
either on a main spacecraft if this is equipped with 
sampling mechanism. It can be also located on a lander 
on its landing gear or optional robotic arm. Alterna-
tively it can be installed on a rover. The penetration 
depth of the coil magnetic field is approximately 5 cm. 
Thus the measurement will be quite localized. This can 
be turned into advantage when locating the instrument 
onto robotic arm or rover. In this case multiple loca-
tions can be measured and spatial (in)homogeneity of 
regolith determined. 
Detection of space weathering.  The MSM instru-
ment will feature dual frequency susceptibility meas-
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urement (with frequency ratio 1:32). This will allow 
detection of iron nanoparticles as described above. 
Regolith temperature measurement option.  To 
compensate for the LC oscillator temperature depend-
ence the coil will be equipped with a temperature sen-
sor. The temperature sensor within the coil can also be 
used to measure regolith temperature and its variation 
during periods of prolonged contact. 
MSM applications:  The MSM instrument is cur-
rently under one year assessment study for MarcoPolo-
R asteroid explorer (ESA) and has been proposed for 
Lunar Lander (ESA). 
Conclusions:  Magnetic susceptibility, together 
with other methods of spectral and mineralogical char-
acterization, can provide diagnostic parameters to de-
termine regolith mineralogy and meteorite analogues. 
Additionally regolith maturity can be estimated from 
frequency dependence of asteroid surface susceptibil-
ity. The proposed MSM instrument will be able to 
conduct above mentioned measurements providing us 
with increased knowledge of planetary regoliths. The 
advantages of the MSM design are compact design, 
low mass and low power consumption. 
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Fig 1. Magnetic susceptibility (logarithm) of basic asteroid clans similar to common meteorite types. Meteorite analogs can be 




Fig 2. The sensor (coil) with control electronics of the commercial version SM-30 (ZH instruments) is currently being adapted 
for space aplications as MSM (Magnetic Susceptibility Meter) instrument. The coil diameter is 5 cm. 
Achondritic asteroids  Q, S type asteroids  C type asteroids 
E type asteroids 
236 LPI Contribution No. 1683
Figure 1: Atomic magnetometer configuration (top), 
sensor (middle), and vapor cell assembly (bottom). 
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Introduction: The magnetic field is a fundamental 
physical quantity, and its precise measurement plays a 
central role in addressing the scientific objectives of 
many planetary, solar, and interplanetary science 
missions. Magnetic fields in space have been measured 
by fluxgate magnetometers, proton-precession 
magnetometers, and optically-pumped magnetometers. 
The measurement technique in the latter two categories 
is based on absolute frequency standards and does not 
require calibration. As such, the instruments provide an 
ideal in-flight calibration source for fluxgate 
magnetometers on missions that necessitate ultra-
precise measurements or which are of extended 
duration. However, a major disadvantage of atomic 
magnetometers, i.e., proton-precession and optically-
pumped instruments, is their significant mass and high 
power requirements, which effectively prevent their 
routine use in space. Hence, to allow for more 
widespread use of atomic magnetometers in space, 
mass, size, and power consumption of these 
instruments must be substantially reduced.  
In response to an on-going paradigm shift in space 
research, we have developed a low-resource, 
miniaturized, absolute scalar magnetometer based on 
the rubidium isotope 87Rb. Our instrument takes 
advantage of recent breakthroughs in micro-fabricated 
atomic devices, which have demonstrated reductions of 
power requirements and weight by one to two orders of 
magnitude over conventional instruments. The 
resulting instrument has a total mass of less than 500 g 
and uses 0.5 W of power, while maintaining 
sensitivity, 15 pT/√Hz at 1 Hz, similar to present state-
of-the-art absolute magnetometers. 
Hardware Description: Most atomic optically-
pumped magnetometers are based on the Larmor 
precession of electron or nuclear spins in a magnetic 
field [1]. A cell containing a suitable gas is illuminated 
with light with a wavelength that correspond to 
resonance with an optical (electronic) transition in the 
atoms. Under these conditions, atoms are optically 
pumped into a non-thermal population distribution and 
the gas cell becomes largely transparent to the optical 
beam. If the cell is then subjected to a radio frequency 
(rf) signal at the Larmor precession frequency, an 
oscillating population distribution is excited within the 
atoms, which causes a time-dependent modulation of 
the optical absorption. By detecting the phase shift in 
the resonance of the atomic response, the Larmor 
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frequency can be determined and from that the 
magnetic field can be deduced. The most commonly 
used elements for optically pumped magnetometers are 
metastable helium and alkali metals like cesium, 
rubidium, potassium, and sodium. 
Our device employs a low-power semiconductor 
laser and a miniature rubidium vapor cell of millimeter 
dimensions produced using modern micro-fabrication 
processes [2]. In recent years, MEMS vapor cells have 
been employed in chip-scale sensitive magnetometers 
[3]. The combination of MEMS vapor cell and a 
semiconductor diode laser has allowed a substantial 
reduction in mass, size, and power dissipation of 
atomic magnetometers with only modest decrease in 
performance. The MEMS vapor cell has been 
integrated into a magnetic field sensor configured as 
shown in Figure 1 (top panel). The micro-fabricated 
rubidium vapor cell (4) is illuminated by light emitted 
from a vertical-cavity surface-emitting laser (VCSEL) 
(1). The laser light passes through an optics package, 
where the laser light is collimated (2) and circularly 
polarized (3). The resonant response of the atoms is 
detected using a discrete photodiode (5). The 
assembled prototype sensor, shown in Figure 1 (middle 
panel), measures 35×25×25 mm and weighs 44 g; 
future reductions in size and mass are anticipated.  
An additional key aspect in the miniaturization of 
the device is the monolithic integration of the vapor 
cell with heaters and Helmholtz coils using silicon-on-
sapphire (SOS-CMOS) technology. The latter are 
glued to the two faces of the vapor cell perpendicular 
to the optical axis. The SOS-CMOS technology was 
chosen because the sapphire substrate is intrinsically 
transparent to the light emitted at the wavelength of the 
laser. The SOS-CMOS chips heat the vapor cell to its 
operating temperature of ~100°C using 0.5 W of power 
generated by a 10 mA current from a 50 V power 
supply. Even though the heater current is low, extreme 
care must be taken in the implementation of the heater 
because the flow of current generates a contamination 
magnetic field in close vicinity of the detection 
volume. To minimize interference with the 
measurement of the ambient field, the integrated 
conductor widths and spacing are on micrometer 
scales, and near-perfect magnetic compensation was 
achieved using two sets of dual square loops arranged 
in neighboring conducting layers of the chip. The 
contamination due to the heater was measured to be 
less than 10 nT, and comparison with numerical 
calculations shows that the finite residual field is 
largely due to limitations in the accuracy of the 
alignment of the two SOS-CMOS dies. The second 
function of the SOS-CMOS die is to generate the rf 
magnetic field necessary to establish the atomic 
resonance via a single-turn circular coil. To maximize 
the uniformity of this field the across the detection 
volume, the coils of both SOS-CMOS dies are sized to 
yield the Helmholtz arrangement, where the coil radius 
matches their separation prescribed by the thickness of 
the vapor cell. Finally, the SOS-CMOS die includes 
circuits to support temperature measurements and 
signal conditioning. The system reported in this paper 
does not use the latter electronic circuits to stay 
compatible with external instrumentation. The 
assembled vapor cell including transparent SOS-
CMOS dies is shown in Figure 1 (bottom panel). 
The sensor is controlled by a dedicated electronics 
and software in an FPGA, which generates the signals 
to excite the rubidium atoms within the vapor cell and 
measures and processes the resonant response at a rate 
of 10 samples per second. The prototype electronics 
are implemented on a 15×10 cm printed circuit board 
and has a mass of 440 g. 
Performance: The sensor response to different 
step-like changes in the magnetic field magnitude 
between 0.5 to 2 nT is illustrated in Figure 2. The 
sensor has a sensitivity is 15 pT/√Hz at 1 Hz or ~0.1 
nT rms. The prototpye instrument demonstrates that 
absolute magnetometers can be miniaturized to serve 
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Figure 2: Sensor response to step changes in the 
magnetic field (red) vs. ambient field (black, blue). 
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Introduction: In May of 2008, the Phoenix Mars 
Lander descended on the northern plains of Mars. The 
goals of the Phoenix Lander were, to acquire and ana-
lyze samples of soil and ice, to investigate the presence 
of water/ice, to determine the chemistry and mineralo-
gy of the soil, to identify potential chemical energy 
sources available to support life, to analyze for organ-
ics, and to identify the potential of the geochemical 
environment to preserve paleontological evidence [1].   
On the Phoenix deck were several instruments, in-
cluding four Wet Chemistry Laboratory (WCL) units 
that were to perform the first wet chemical analysis of 
soil on Mars [2].  Each of the four WCL units, shown 
in Figure 1, consisted of a lower "beaker" containing 
an array of sensors to analyze the chemical properties 
of the soil/water mixture, and an upper "actuator" that 
added the soil, water, and reagents, and provided for 
stirring of the mixture.  The array of sensors in the 
beaker consisted of solid state and PVC-membrane 
based ion selective electrodes (ISE) that analyzed for 
Ca2+, Mg2+, K+, Na+, NH4
+, Cl-, Br-, I-, NO3
-, pH, and 
SO4
=,  and  special electrodes for conductivity and oxi-
dation-reduction potential (Eh).  Also included were 
anodic stripping voltammetry (ASV) for determination 
of heavy metals (e.g., Cu2+, Cd2+, Pb2+), chronopotenti-
ometry (CP) for independent determination of chloride, 
bromide and iodide, and cyclic voltammetry (CV) for 
identifying and analyzing possible reversible and irre-
versible redox couples.  The actuator consisted of a 
25mL titanium tank that contained deionized water 
plus ionic species at ~ 10-5 M concentrations for the 
initial sensor calibrations, a drawer that would accept ~ 
1 cm3 of soil through a screened funnel from the robot-
ic arm, and a stirrer motor. The actuator also included a 
reagent dispenser that held five “crucibles”, a second 
calibration reagent, an acid, and three packed with 
BaCl2 for the titrimetric determination of SO4
=.   
During surface operations, three ~ 1 cm3 soil sam-
ples, one from the surface (Rosy Red) and two from the 
top of the ice table approximately 5cm in depth (Sor-
ceress 1 and Sorceress 2), were successfully added and 
analyzed in three of the four WCLs. In general, the 
soluble equilibrium concentrations were found to be 
dominated by Mg2+, and Na+ at the mM levels, with 
sub-mM concentrations of Ca2+, Cl-, and K+.  The pres-
ence of these salts in addition to the moderate pH (7.7) 
and Eh (253mV), has broad implications for Mars' geo-




Figure 1. The Wet Chemistry Laboratory (WCL) as part of 
MECA (left) and a single WCL  unit (right. 
was the discovery of 0.7% perchlorate (ClO4
-), most 
likely present as either the Mg/Ca-(ClO4)2 salt [3,4].  
The presence of such levels of perchlorate, and most 
likely on a global scale, has led to the realization that 
the mass spectrometer on Phoenix and on both 1974 
Viking 1/2 landers would not have been able to detect 
any organics.  This discovery has rekindled the possi-
bility for the presence of both organics and life on 
Mars.  Reviewed here are the major findings of the wet 
chemistry analyses performed by WCL and their impli-
cations for martian geochemistry and habitability. 
The ionic species directly measured by the sensors 
and originally reported [3,4], were the soluble compo-
nents and represented a portion of the total amount of 
any specific chemical elements present in the sample 




=, that may have been present and were slowly 
or totally insoluble, or not measurable by any sensors. 
To better understand the identity of the added soil and 
its soluble mineral composition, equilibrium modeling 
of the soil/solution mixture with Geochemist’s Work-
bench (GWB) was used to provide guidance and for 
additional laboratory experiments with synthetic Mars 
samples.  
The models and laboratory analyses have revealed 
a very complex system with the final species distribu-
tion dependent on several variables, including ionic 
strength, pH, precipitation,  ion adsorption, the partial 
pressure of the CO2 in the WCL headspace, and the 
rate of equilibration.  To differentiate between possi-
ble, probable, and confirmed chemistry, has require 
extensive formulation and testing with both simple 
aqueous leachate simulants and eventually more realis-
tic Mars simulants. Recent additional data analyses 
have confirmed the presence of sulfate in the soil, the 
redox potential of the soil/water mixture, and the prob-
able identity of the parent perchlorate salts.  
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The total soluble sulfate (SO4=)T present in the soil  
was determined by addition of Ba2+ (as BaCl2) to two 
samples, Rosy Red on sols 30/34 and Sorceress-2 on 
sols 107/116, and from a blank on sol 96.  As shown in 
Figure 2, the concentration of the added Ba2+ in Sor-
ceress-2 sample remained relatively constant until the 
end of sol 116 when it rapidly increased, indicating that 
it was no longer being precipitated by any SO4
= present 
in solution. At that point the (SO4
2−)T was equal to half 
of the ΔCl−. The SO4
= in solution is thus 5.9 (±1.5) 
mM, and equivalent to 1.4 (±0.5) wt % SO4
= in the soil. 
There are several sulfate mineral phases that are 
plausible candidates. These include K-, Na-, Fe-, Mg-, 
and Ca-sulfate. Soluble Fe-sulfate candidates can be 
eliminated since any Fe2/3+ >10-4M would have been 
detected due to “poisoning” effects on the ISEs. Both 
K and Na were present at too low of concentration and 
would have only accounted for a minor fraction of their 
respective mineral phases.  The most likely sulfate 
mineral phases in the soil are thus MgSO4 or CaSO4 (or 
a mixture of the two).  Equilibrium calculations with 
GWB show that addition of BaCl2, coupled with disso-
lution of SO4
=, would have only resulted in an increase 
of Mg2+ and a decrease of Ca2+  if a MgSO4 phase were 
added, as was observed during the sol 107 analysis.  
The addition of soluble CaSO4 would have caused an 
increase in Ca2+ and no change in Mg2+, which was not 
observed.  This suggested that  the major fraction of 
SO4
2- was added as a MgSO4  phase. The titration re-
sults and equilibrium modeling also allowed a more 
accurate assessment of other species and their concen-
trations.  Table 1 shows  the most likely composition of 
the martian soil at the Phoenix landing site. The level 
of dominant salts also has a direct bearing on the ques-
tion of whether, under appropriate conditions, water 
activity on Mars could have been sufficient to support 
life.  The WCL-derived salt composition indicates that 
if the soil at the Phoenix site were to form an aqueous 
solution by natural means, the water activity for a dilu-
tion of > ~ 0.015 g H2O/g soil would be in a habitable 
range of known terrestrial halophilic microbes [5]. 
The comparison of the Mars soil with a simulant, 
formulated according to the results of the WCL and a 
GWB model, shows that when it is dissolved in water, 
yields ion concentrations almost identical to those ob-
served on Mars.  These results give confidence that the 
soluble composition and parent salts of the soil at the 
Phoenix site are reasonably constrained.  
A long standing question about the martian soil has 
been its redox potential (Eh) on contact with water. The 
measured Eh of the soils in WCL solution has been 
recently reported to be  253 ±6mV at a pH of 7.7 ± 0.1. 
A difference between Eh and pH changes suggested a 
contribution from species not measured with the WCL, 
and experimental simulations confirmed that ppm soil 
levels of metal peroxides or similar oxidants could 
explain this difference. Although these soils contain 
high levels of ClO4
- (a strong oxidant at temperatures > 
200°C), and possibly low levels of more chemically 
reactive oxidants, the Eh of the soil is moderate and 
within the range of that expected for habitable soils [6]. 
The next generation Mars chemical analysis lab 
will build on the heritage and demonstrated success of 
the Phoenix WCL, and take advantage of recent im-
provements in both sensor and lab-on-a-chip technolo-
gy.  As part of an MER-class rover it will provide the 
ability to perform wet chemical analyses while ranging 
over a wide variety of geological surfaces, materials, 
soil chemistries, and over the lifetime of a long term 
mission. The sensor array and chemical analyses could 
be tailored to include parameters and substances of 
high priority to scientific analyses, sample return, and 
the health of future human explorers. 
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64-67. [4] Kounaves S. P. et al. (2010) JGR, 115, 
E00E10.  [5] Kounaves S. P. et al. (2010) GRL, 37, 
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Figure 2. The titration for soluble sulfate on Mars by addi-
tion of barium chloride [5], and the Eh-pH diagram showing 
the phase stability fields for a soil-solution mixture based on 
Table 1 data and 10−3 > [Fe2+] > 10−9 [6] (left) 
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Introduction: The Phoenix Mars Lander that de-
scended on the northern plains of Mars in the Summer 
of 2008 [1] included four Wet Chemistry Laboratory 
(WCL) units [2] for performing the first wet chemical 
analysis of soil on another planet.  Each WCL unit, as 
shown in Figure 1, consisted of two subassemblies.  An 
upper "actuator" for accepting and delivering the soil 
sample to the beaker through a funnel into a 1cc draw-
er, a 25mL leaching solution tank filled with water plus 
ionic species for initial sensor calibration, a reagent 
pellet dispenser, and a stirrer.  The lower "beaker" con-
tained a set of electrochemical sensors for analyzing 
the aqueous geochemical properties of the soil.  These 
included:  an array of solid state and PVC-membrane 
based ion selective electrodes (ISE) that analyzed for 
Ca2+, Mg2+, K+, Na+, NH4
+, Cl-, Br-, I-, NO3
-, pH, and 
Ba2+ (for monitoring the SO4
= titration); graphite elec-
trodes for measuring solution electrical conductivity 
(EC); and a platinum disk electrode for determining 
oxidation-reduction potential (Eh).  Also included were 
electrodes for anodic stripping voltammetry (ASV) for 
determination of heavy metals (e.g., Cu2+, Cd2+, Pb2+), 
chronopotentiometry (CP) for independent determina-
tion of chloride, bromide and iodide, and cyclic volt-
ammetry (CV) for identifying and analyzing possible 
reversible and irreversible redox couples.  
Three ~1 cm3 soil samples, one from the top ~2 cm 
of the surface (Rosy Red) and two from the top of the 
ice table ~ 5cm in depth (Sorceress 1 and Sorceress 2), 
were successfully added and analyzed in three of the 
four WCL units.  No apparent differences in concentra-
tions, pH, or conductivity, were found among the three 
samples analyzed. The soil/water mixture pH was 
7.7(±0.3), under prevalent conditions of carbonate 
buffering and PCO2 in the cell headspace, and an aver-
age conductivity of 1.4(±0.5) mS/cm.  All three WCL 
units measured similar concentrations, with an average 
of [Ca2+] = 0.5(±0.5) mM,  [Mg2+] = 2.9(±1.5) mM, 
[Na+] = 1.4(±0.6) mM  and  [K+] = 0.36(±0.3) mM. 
The concentrations of Ca2+and Mg2+ are consistent with 
a carbonate equilibrium for a saturated solution. The 
most unexpected finding was that the soluble form of 
chlorine at the landing site was perchlorate (ClO4
-), 
with an average concentration 2.5 (±1) mM [3,4]. Total 
soluble sulfate, (SO4
2−)T, was determined by addition 
of Ba2+ and found to be 5.9 (±1.5) mM in solution, 
equivalent  to 1.4  (±0.5) wt % SO4
2− in  the  soil.  [5]   
The measured Eh of the soil/solution mixture was 253 
(±6) mV.  Although these soils contained high levels of 
ClO4
- (a strong oxidant at temperatures > ~ 200°C), the 
Eh of the soil is moderate and within the range for hab-
itable soils on Earth. [6]  
In keeping with the NASA NRC Planetary Decadal 
Survey [7] and MEPAG Mars scientific goals [8], it is 
clear that the path forward for both Mars sample return 
(MSR) and human exploration be undertaken with suf-
ficient understanding of the martian environment, not 
only to maximize the science, but to also minimize the 
risks to the Mars program and eventual human explor-
ers.  To fulfill the current strategic knowledge gaps in 
these areas requires that the martian soil be chemically 
characterized to the maximum extent possible to identi-
fy soluble chemical species, prior to caching for Mars 
sample return, to obtain data on species that may be 





Figure 1. The four WCL units were part of the Phoenix MECA  
instrument package (top). Each WCL consisted of a lower 
beaker containing sensors and an upper actuator for adding 
soil, water, reagents, and stirring (bottom).   
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In addition, an in-situ analysis would also identify 
chemical species that might undergo potentially harm-
ful interactions if they came into contact with the skin 
or lungs of the crew, or critical life support and other 
mechanical/electrical systems.  
 Here we describe a heritage-based next generation 
Mars wet chemistry laboratory that, in addition to anal-
yses performed by the Phoenix WCL [2-6], extends the 
capability to several dozen or more soil samples with-
out increasing the demand on spacecraft resources, and 
extends the quantitative chemical aspects of the anal-
yses to provide for better understanding of the aqueous 
geochemistry and toxicity of the martian soil.  
The Next Generation WCL: With support from 
NASA’s PIDD program, we have built on the heritage 
and successful performance of the Phoenix WCL and 
designed and assembled an instrument for use on a 
future MER or larger class mission, along with sample 
caching, that would provide the ability to perform wet 
chemical analyses at multiple locations over the rover’s 
trajectory and lifetime.  
 This next generation Mars chemical analysis sys-
tem (CHEMSENS) consists of individual mini-WCL 
units, as shown in Figure 2, but with improved calibra-
tion, reagent addition, and additional sensors, including 
redundancy, better reproducibility and a wider selec-
tion of chemical species and conditions.  Similar to the 
Phoenix WCL, each unit consists of a “beaker” where 
the sensors are housed, and holds 1 cc of soil and 7 mL 
of a leaching solution.  It also includes an upper “ac-
tuator assembly” which incorporates the leaching solu-
tion tank, sample and liquid calibration delivery mech-
anisms. Instead of using calibration pellets composed 
of pressed salts as the Phoenix WCL did, it allows for 
addition of liquid reagents to ensure rapid dissolution 
and equilibration of any added reagent. Thus, it enables 
both instantaneous and long term chemical equilibrium 
monitoring of the soil/water mixture and will provide 
chemical data that can be compared to that previously 
returned by the Phoenix WCL [3-6].  
Mechanical System:  The mini-WCL based system 
hardware is built on a “modular” concept so that it can 
be adjusted to facilitate the specifications set by any 
future mission payload limits.  For this reason, it is 
configured on a grid system that can accommodate any 
number of individual mini-WCL units, from a 1×4 grid 
as in the Phoenix MECA package, or for example a 
5×20 grid with 100 units as shown in Figure 3.  An 
even larger number of units could conceivably be ac-
commodated if payload limits allow.  Above the grid of 
beakers is a movable gantry system to ferry a shuttle to 
the selected unit for sample acquisition, delivery, and 
analysis.  Figure 4 shows a single unit view accepting a 
sample from a MER class robotic arm, similar to one 
recently proposed for a MSR caching mission [9].  The 
shuttle houses a linear actuator for positive displace-
ment of the soil sample from the shuttle container into 
the beaker. This actuator is shown in Figure 4 (left) 
rotated to accept a soil sample and the subsequent load-
ing (right) of the sample into the beaker.  
An accurate soil analysis requires knowing the mass 
of the sample. Unlike the Phoenix WCL, each mini-
WCL includes a load-cell integrated directly into the 
soil transfer mechanism as shown in Figure 5 (blue). 
The design was inspired by a commercial product 
which had cantilever beams and strain gauges to de-
termine weight.  Our custom design minimizes compo-
nent volume and allows for a lower profile shuttle.  A 
spring-loaded door consisting of four triangular ele-
ments is attached to the bottom of  the  soil  container  
     
Figure 2. While the new analytical cells build on the heritage 
and demonstrated success of the Phoenix WCL, they are half 
the mass/volume and take advantage of recent improve-
ments in technology, allowing 3X the sensors.  
 
Figure 3. CHEMSENS is built on a “modular” concept so that 
it can be adjusted to facilitate the specifications of future 
payloads.  It is configured on a grid system that can be a 1 x 
4 grid (as the Phoenix WCL) or for example a 5x20 grid  with 
100 individual units. The integrated system will be able to 
perform complex analyses on a large number of soil samples 
but easily accommodated on a MER class rover. 
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and,  when pressed by an external actuator, will rotate 
out of position to load a soil sample into a beaker be-
low.  The load cell is in a balance configuration with a 
central pivot near the beaker edge.  When the soil is 
added to the transport container, the balance deflects 
downward and the upward force on the load-cell is 
measured to determine the weight of the sample.  The 
cone shaped weighing container is constructed from 
two halves that are held together by springs.  To trans-
fer the soil from the weighing container into the beaker, 
the soil plunger pushes down on the soil sample, which 
in turn pushes down on and separates the two halves of 
the container, releasing the soil. 
In contrast to the Phoenix WCL, and because of the  
lessons learned during surface operations, soil delivery 
for CHEMSENS is accomplished using positive dis-
placement to insure delivery.  Once the soil sample is 
loaded into the shuttle weighing container, a linear 
actuator on the shuttle pushes the sample into the beak-
er through a central loading shaft.  
Sensor System:   Each  beaker contains three walls 
of ion selective electrode (ISE) type sensors in a 4×4 
grid.  The remaining beaker wall is reserved for other 
sensors to be determined at a later date (e.g., EC, pH, 
Eh, CP, CV, ASV, etc.).  The ISE sensors are the prime 
analytical device for determining the dissolved ionic 
species in the soil/water mixture and monitoring their 
concentrations over time.  These sensors are similar to 
those use in the Phoenix WCL [2] with the exception 
that the hydrogel was replaced with nanoporous carbon 
(NPC).  This results in sensors that provide increased 
lifetime, stability, and able to better withstand the dras-
tic changes in temperatures and thaw/freeze cycling.  
Sensor tests using several ion species, and performed 
over a period of 15 days with continuous exposure to 
water, resulted in linear calibration curves for concen-
trations between ~ 10-5 to 10-1 M. [10]  
Summary:  CHEMSENS builds on the heritage 
and demonstrated success of the Phoenix WCL, taking 
advantage of lessons learned and recent improvements 
in sensor technology.  As part of a MER-class rover, it 
will provide the ability to perform wet chemical anal-
yses while ranging over a wide variety of geological 
surfaces, materials, soil chemistries, and over the life-
time of a long term mission.  The sensor array and 
chemical analyses can be tailored to include parameters 
and substances of high priority to both sample return 
and human exploration health concerns.  It is being 
developed with the view towards allowing for a scala-
ble payload that will match a variety of in-situ analyti-
cal requirements and possess the flexibility for use on 
any type of future mission.  
References:  [1] Smith, P. H. et al. (2009) Science, 
325, 58-61. [2] Kounaves, S. P. et al. (2009) JGR, 114, 
E00A19. [3] Hecht, M. H. et al. (2009) Science, 325, 
64-67. [4] Kounaves, S. P. et al. (2010) JGR, 115, 
E00E10. [5] Kounaves, S. P. et al. (2010) GRL, 37, 
L09201. [6] Quinn, R. C. et al. (2011) GRL, 38, 
L14202.  [7] Planetary Science Decadal Survey (2012) 
Vision and Voyages, NRC Press.  [8] MEPAG (2010) 
Mars scientific goals, objectives, investigations, and 
priorities: 2010.  [9] Ehlmann, B. L. et al., (2012) Con-
cepts and Approaches for Mars Exploration LPI 
Workshop, Abstract 4228. [10] McElhoney, K., et al., 
(2012) Electroanalysis (Submitted). 
  
 
Figure 4. The soil can be accepted from a MER type robotic 





Figure 5.  Cantilever beam soil weighing configuration (left).  
Scale closed (right top) for sample weighing and opened 
(right bottom) via soil plunger actuation to release soil. 
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Introduction: The Whipple mission, "Reaching into 
the Outer Solar System", was proposed to NASA's 
2010 Discovery program and was awarded funding for 
technology development. Whipple will conduct the 
first direct, systematic study of the outer Solar system, 
the Kuiper belt, the Sedna region, and the Oort cloud, 
using a blind stellar occultation survey. The instrument 
will monitor photometrically 10,000 stars at a cadence 
of 40 Hz (or 20,000 at 20 Hz, ...) to search for stellar 
occultations by outer solar system objects to character-
ize the size and spatial distribution of these objects. 
The occultations typically last less than a second, so 
the photometer must be able to continuously monitor 
the light curves of a large number of stars at 
video rates. The focal plane will be composed of 32 
Teledyne H1RG sensors, each with a dedicated 
SIDECAR ASIC and an FPGA to process the light 
curve data and identify candidate occultation events. 
The H1RG sensor will be operated in a windowing 
mode with between 700 and 3000 windows per sensor 
at rates up to 40 Hz. We are currently developing an 
end-Ââ to-Ââ end system at SAO to evaluate the focal 
plane concept. This system includes a stellar occulta-
tion simulator that stimulates the sensor with simulated 
light curves, a Teledyne sensor with custom readout 
software to operate the sensor and SIDECAR ASIC in 
this windowed mode, and an FPGA that will process 
the light curves and identify candidate events. In this 
presentation we will discuss the current status of our 
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Planetary Descent Probes
Polarization Nephelometer and Hydrogen Ortho/Para Instruments
While much has been gleaned about the details of the atmospheres of the giant planets, Venus and Titan via remote sensing, it 
will never replace the direct reality of an in situ instrument. There remain many questions about the structure and dynamics of 
the other planetary atmospheres in our solar system that need to be addressed by in situ instrumentation, and thus the 
development of a new breed of descent probe instruments in well warranted. We are developing two instruments that would be 
excellent additions to the payloads of planetary atmosphere descent probes into the Giant planets, Venus, or Titan. Our first
Instrument, a polarization Nephelometer, uses polarization modulation to determine the intensity and polarization ratio phase 
functions of ambient aerosols. Measuring both of these phase functions allows much more discriminating conclusions to be 
drawn about the molecular composition and microphysical parameters of the aerosols. Atmospheric aerosols are key 
determinants of the global heat balances and atmospheric circulations on all of the above planets. They are as yet still poorly 
understood. There is a distinct need for polarization Nephelometer on descent probes into these planetary atmospheres. Our 
second instrument, a hydrogen ortho/para instrument, will use acoustic techniques to measure the vertical distribution of this
thermodynamically important quantity on the giant planets. The hydrogen ortho/para fraction influences the dynamics of these 
planet’s atmospheres, as well as acting as a tracer of these motions.
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Introduction:  The mid-superconducting critical 
temperature (
cT  39 K) of the simple binary,  inter-
metallic MgB2 [1] makes it a very good candidate for 
the development of the next generation of electro-
optical devices (e.g. [2]). In particular, recent advances 
in thin film deposition techniques to attain high quality 
polycrystalline thin film MgB2 deposited on SiN-Si 
substrates, with 
cT  38K [3] coupled with the low 
voltage noise performance of the film [4] makes it 
highly desirable for the development of moderately 
cooled bolometer arrays for integration into future 
space-bourne far infra-red (FIR) spectrometers and 
thermal mappers for studying the outer planets, their 
icy moons  and other moons of interest in the 17-250 
µm spectral wavelength range. Presently, commercially 
available pyroelectric detectors operating at 300 K 
have specific detectivity, D , around 
8107  to 
9102  cm√Hz/W. However, a MgB2 thin film based 
bolometer using a low-stress (< 140 MPa) SiN mem-
brane isolated from the substrate by a small thermal 
conductive link, operating at 38 K, promises to have 
two orders of magnitude higher specific detectivity 
[5][6].  
 
MgB2-based Bolometer Array:  The fabrication 
process consists essentially of, (i) photolithography of 
the MgB2 layer into arrays of sensor elements, wiring 
and pads; (ii) photolithography and partially etching 
the SiN layer into membranes, legs, and dicing streets; 
(iii) bonding the front side of the wafer to a Pyrex wa-
fer using wax; (iv) patterning and removing back side 
nitride and oxide layers; (v) backside deep reactive ion 
etching of openings and streets in the silicon substrate 
down to the front oxide layer; (vi) wet etch the front 
oxide through the new openings and streets to reveal 
the nitride membranes; (vii) dry etching of the remain-
ing front nitride and finally releasing the chips in non-
aggressive solvent. A photograph of the fabricated 10 x 
10 MgB2 thin-film array together with one of the bo-
lometer pixel geometries is shown in Figure 1.  
 
Cooling Technology:  If a MgB2 thin-film bolome-
ter is to be used on future planetary missions, the focal 
plane assembly will need to be cooled down to 20 K 
[7], a temperature range not practically attainable with 
passive radiative coolers. The focal plane will have to 
be paired with a lightweight low power mechanical 
cryocooler. Even though cryocoolers are now used on 
missions such as the Hubble Space Telescope and are 
in development for the James Webb Space Telescope 
and other missions, there are no space-qualified 
cryocoolers that presently satisfy the stringent mass and 
power requirements for outer planet missions. Howev-
er, substantial efforts are currently underway in both 
commercial companies, e.g. Sunpower Inc. 
(http://www.sunpower.com) and Ricor USA Inc. 
(http://www.ricor.com) and government agencies, e.g. 
NASA, to develop advanced cooling technologies that 
will meet the requirements to cool MgB2 bolometer 
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Figure 1. 100-pixel MgB2 bolometer array and a single pixel 
with size 250 µm x 250µm with leg length 250µm and leg 
width 14µm. The MgB2 meander width is 10µm. 
R(T) Analysis: Figure 2, shows the 5 µA current 
bias 
  
R(T ) curve for corrected substrate temperature, 
together with 
  
dR /dT  calculated from a functional 





Rm , at the mid-point of the superconducting 
transition is 36.47 K and 1634 Ω respectively, with a 
superconducting transition width, , of 0.35 K de-
termined using the 10% - 90% of 
  
R40K rule. The max-










the residual resistance ratio is, 
  









dR /dT  and 
  
a as a function of corrected sub-
strate temperature. 
 
Responsivity:  From load curve analysis, the elec-
trical responsivity is 702 kV/W. Figure 3 shows a plot 
of voltage responsivity, 
ev,
, as a function of frequen-
cy to a 763K blackbody source. The effective time 
constant is 5.2 ms and the optical responsivity is calcu-




Figure 3. Bolometer reponsivity as a function of frequency 
to a chopped 763 K blackbody source. The dc responsivity is 
702 kV/W.  
 
Voltage Noise Spectra:  The voltage noise spectrum, 
  
Vn ( f ),  for a resistance 
  
R = 1516 Ω (close to the mid-
point of transition) and current bias 5µA is shown in 
Figure 4, together with the measurement system base-
line noise. The system noise baseline is established by 
measuring the voltage noise spectrum when the MgB2 




Figure 4. Voltage noise spectra near the mid-point of the 
superconducting transition at 1516 Ω. 
 
Electrical NEP:  In Figure 5, The electrical noise 
equivalent power,
  
NEP, i.e., evne fVfNEP ,/)()( , 
is 256 fW/√Hz at 30Hz. From this relationship, the 
optical 
  
NEP, i.e., /eo NEPNEP  can be calculated 
for more optimized absorbers [7].  
 
 
Figure 5.  NEPe as a function of frequency. 
 
 
References:  [1] J. Nagamatsu, et al. (2007) Na-
ture, 410, 63. [2] H. Yamamoto et al. (2007) Physica 
C, 463, 948. [3] B. H. Moeckley et al. (2005) IEEE 
Trans. on Appl. Supercond., 15, 3308. [4] B. Lakew et 
al. (2006) Physica C, 440, 1. [5] S. Aslam, (2008) 
“Optimization of NEP for MgB2 bolometers,” private 
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MINIATURE NUCLEAR SPECTROMETERS FOR MEASURING SURFACE COMPOSITION AND 
NEAR-SURFACE COMPOSITION STRATIGRAPHY.  David J. Lawrence1, Patrick N. Peplowski1, Richard C. 
Elphic2, John O. Goldsten1, and Kush T. Tyagi1; 1The Johns Hopkins University Applied Physics Laboratory (11100 
Johns Hopkins Drive, Laurel, MD, 20723; David.J.Lawrence@jhuapl.edu); 2NASA Ames Research Center, Moffett 
Field, CA. 
 
Introduction:  Future surface-based reconnais-
sance missions will require low-mass, low-resource 
instruments for interrogating the shallow subsurface 
(<1 m) to understand chemical composition and stra-
tigraphy, including the stratigraphy of hydrogen-
bearing materials.  Stratigraphic-based composition 
measurements will play a key role in understanding a 
variety of present and past surface processes as well as 
provide information to surface mission operators in 
selecting interesting locations for more detailed study.  
They also provide complimentary measurements to 
other in-situ techniques, such as x-ray and alpha-
particle spectroscopy, which only sample to depths of 
< 100 µm. Here we present mature instrument con-
cepts for making in-situ composition measurements.  
These instruments can be accommodated within future 
mission resource constraints as they are low-mass, 
low-power, low-data rate and are operationally simple. 
Planetary Nuclear Spectroscopy:  Planetary nu-
clear spectroscopy (neutron and gamma-ray) is a 
standard technique for measuring the depth integrated 
composition of planetary bodies within the top meter 
of the surface.  Galactic cosmic rays (GCR) constantly 
bombard planetary surfaces and create nuclear spalla-
tion reactions that result in the emission of neutrons 
and gamma-rays from the planetary surface.  Quantita-
tive elemental concentrations are derived by measuring 
the energy and flux of the emitted neutrons and gam-
ma-rays.   
Planetary nuclear spectroscopy has successfully 
measured the elemental composition of the Moon 
[1,2,3], asteroids [4,5], Mercury [6,7], and Mars [8,9] 
from orbit. Landed nuclear spectrometers have been 
utilized on 433 Eros [4] and Venus [10].  Gamma-ray 
spectroscopy is typically used to measure the concen-
trations of major rock forming elements (Fe, Ti, Si, Al, 
Mg, Ca) and some lower abundance trace elements (U, 
Th, K, Cl, S) depending on their concentration.  Hy-
drogen concentrations are typically measured using 
neutron spectroscopy [11], but can also be measured 
using gamma-rays if the concentration is high enough 
[12].   
Orbital measurements have demonstrated the capa-
bility to measure layered hydrogen stratigraphy using 
neutron measurements from different energy ranges 
[13,14,15].  In particular, Mars Odyssey Neutron Spec-
trometer (MO-NS) data were used to infer that at high 
north polar latitudes (~70ºN, ~120ºW), high concentra-
tions of water equivalent hydrogen (WEH) were buried 
under a drier layer of Mars soil that was ~5 – 10 cm 
thick [13].  This layered hydrogen stratigraphy was 
confirmed with the in-situ identification of buried wa-
ter ice under ~5 cm of dry soil during the Phoenix mis-
sion [16].  Such measurements, which were made pas-
sively (i.e., no active illuminating source) from orbital 
altitudes are equally possible for in-situ application on 
a landed surface asset, such as a lander or rover.   
Background of Surface-Based Nuclear Spec-
troscopy Measurements: Typical orbit-based nuclear 
spectroscopy instruments have masses of 5 – 20 kg and 
power draw of 5 – 20 W [e.g., 17].  Such resource 
needs will likely be too large for future resource-
constrained landed missions.  Successful landed nucle-
ar spectroscopy measurements include the NEAR 
Gamma-Ray Spectrometer (GRS)[4], which demon-
strated the capability of successfully making in-situ 
elemental concentration measurements on the surface 
of an asteroid (Figure 1). The Venera 8, 9, 10 and Ve-
ga 1 and 2 landers carried gamma-ray spectrometers to 
the surface of Venus and successfully characterized the 
abundances of radioactive elements at the landing sites 
[10].  The Mars Science Laboratory (MSL) is carrying 
an active neutron experiment (Dynamic Albedo Neu-
tron, DAN).  DAN has the scientific goal of measuring 
near-surface hydrogen stratigraphy using a pulse neu-
tron die-away time technique [18].  The mass and 
power requirements of DAN (~4.8 kg, >17 W) are 
similar to orbital-based instruments.   
 
Figure 1. NEAR GRS surface measurements of the composi-
tion of asteroid 433 Eros [4]. 
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Flight-like miniature neutron spectrometers (NS) 
have been designed, built, and operated that satisfy the 
resource constraints of future landed missions.  In ad-
dition to the low mass and power, such NS instruments 
operate in an entirely passive mode and can make full 
stratigraphic hydrogen measurements without the need 
of an active source.  In addition to the reduction of 
mass and power, the lack of an active source greatly 
simplifies instrument operations as a passive NS needs 
minimal commanding.   
A flight-like NS that measures thermal and epi-
thermal neutrons (mass: 500 g; power: <3W) was built 
and operated in a variety of Earth-based field test envi-
ronments [19].  These field tests (Figures 2 and 3) have 
demonstrated the capability of the miniature NS to 
self-consistently measure the stratigraphy and hydro-
gen concentration of buried water.  Similar capabilities 
have been demonstrated for a prototype miniature 
borehole NS [19].  Finally, simulations for a realistic 
Mars rover scenario show that hydrogen concentra-
tions with excellent precision can be obtained with 
data collection times of tens of minutes [20].   
Next Generation Miniature Nuclear Spectrome-
ters:  A new generation of miniature nuclear spec-
trometers is currently being developed.  The goal of 
these instruments is to have a similar resource enve-
lope as the prior miniature NS while incorporating new 
technology for providing improved capability.  In par-
ticular, a new NS (Figure 4) will expand the prior 
thermal and epithermal measurements using digital 
pulse processing techniques demonstrated on the 
MESSENGER mission [17] to reduce background, 
provide charged particle information, and obtain in-
formation about higher energy fast neutrons.  Similar 
electronics and miniaturization principles are being 
applied to develop a low-mass GRS.  An entire neu-
Figure 3.  Measured (a) and simulated (b) neutron count 
rates using a miniature neutron spectrometer for a variety 
of buried ice deposits (burial of 0 to 30 cm and WEH 
concentration of 3 and 10 wt.% WEH) for a Earth-based 
field test [19].  The set up of the measurements is shown 
in Figure 2. 
Figure 4.  3He neutron sensors for a miniature neutron 
spectrometer 
Figure 2.  Field test set up for measurements of buried 
water ice using a miniature NS.  Plugs of water ice en-
riched soil having various sizes were buried at various 
depths.  Their locations, depth, and hydrogen content 
were measured with a miniature NS and a 252Cf neutron 
source.  Taken from Elphic et al. [19]. 
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tron/gamma-ray system can be designed for a mass as 
low as 2 – 2.5 kg and power less than ~3 W.   
Initial gamma-ray simulations benchmarked with 
measured NEAR surface-based data [4] and Lunar 
Prospector orbital gamma-ray data [3] have shown that 
statistically significant elemental composition meas-
urements can be obtained in less than an hour of gam-
ma-ray data collection time.  High precision measure-
ments can be made with longer collection times. These 
simulations consider a wide range of scintillator types, 
including CsI (Figure 5), BGO, and LaBr. 
Summary:  Future landed missions will require 
low-resource but highly capable instruments for meas-
uring elemental composition and near-surface stratig-
raphy.  Nuclear spectroscopy measurements have 
demonstrated the capability of making such measure-
ments from orbital platforms and newly designed in-
struments with extensive flight heritage can make simi-
lar measurements in situ on the surface nearly-airless 
worlds.  Due to their low resource requirements, these 
instruments can be accommodated on a variety of fu-
ture surface-based missions. Additionally, these in-
struments can be paired with neutron generators to 
examine the surface composition for worlds with thick 
atmospheres (e.g. Venus) or where increase elemental 
sensitivity and/or decrease in measurement time is 
required. 
References:  [1] Lawrence et al., JGR, 108, 
10.1029/2001JE001530, 2002; [2] Lawrence et al., 
JGR, 108, 10.1029/2003JE002050, 2003; [3] Pretty-
man et al., JGR, 10.1029/2005JE002656, 2006; [4] 
Evans et al., Met. and Planet. Sci., 36, 1639, 2001; [5] 
Prettyman et al., 43rd LPSC, Abstract #2389, 2012; [6] 
Lawrence et al., Icarus, 10.1016/j.icarus.2010.04.005, 
2010; [7] Peplowski et al., Science, 333, 1850, 2011; 
[8] Boynton et al., JGR, 10.1029/2007JE002887, 2007; 
[9] Feldman et al., Science, 297, 75, 2002; [10] A.P. 
Vinogradov, et al., Icarus, 20, 253, 1973; [11] Feldman 
et al., Science, 281, 1496, 1998; [12] Boynton et al., 
Science, 297, 81, 2002; [13] Feldman et al., GRL, 34, 
10.1029/2006GL028936; [14] Feldman et al., JGR, 
116, 10.1029/2011JE003806, 2011; [15] Diez et al., 
Icarus, 196, 10.1016/j.icarus.2008.02.006, 2008; [16] 
Mellon et al., JGR, 114, 10.1029/2009JE003417, 2009; 
[17] Goldsten et al., Space Sci. Rev., 10.1007/s11214-
007-9262-7, 2007; [18] Litvak et al., Astrobiology, 8, 
10.1089/ast.2007.0157, 2008; [19] Elphic et al., Astrobi-
ology, 8, 10.1089/ast.2007.0163, 2008; [20] Lawrence et 
al., 6th Int. Conf. on Mars, Abstract #3109, 2003. 
Figure 5. Simulated Mini-GRS signal for surface meas-
urements of lunar-like compositions. The simulations do 
not include discrete energy photopeaks originating from 
the spacecraft, but do include a NEAR-benchmarked 
gamma ray continuum. 
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Introduction:  The Huygens probe is the ESA-
provided element of the joint NASA/ESA/ASI Cassi-
ni/Huygens mission to Saturn and Titan[1] [2] . The 
Cassini-Huygens spacecraft was launched on 15 Octo-
ber 1997. The insertion into Saturn’s orbit (SOI) of the 
Cassini-Huygens composite occurred on 1 July 2004. 
Huygens was released from Cassini on 25 December 
2004. It entered into and descended through Titan’s 
atmosphere under parachute on 14 January 2005. It 
landed after a 2-½ hour descent and continued operat-
ing on the surface for more than 3 hours [3]. Huygens 
scientific objetives were to carry out detailed in situ 
measurements of the physical properties, the chemical 
composition and the dynamics of the atmosphere and 
to provide a local characterisation of the surface near 
the landing site. Huygens was a highly sophisticated 
robotic laboratory that carried six payload instruments:  
• HASI: Huygens Atmospheric Structure Instrument 
• ACP: Aerosol Collector and Pyrolyser 
• GCMS: Gas Chromatograph and Mass  Spectrom-
eter 
• DISR: Descent Imager/Spectral Radiometer 
• DWE: Doppler Wind Experiment 
• SSP: Surface Science Package 
 
The Huygens findings include new localized infor-
mation on several aspects of Titan science: the atmos-
pheric structure and chemical composition; the aero-
sols distribution and content; the surface morphology 
and composition at the probe’s landing site; the winds, 
the electrical properties, and the implications on the 
origin and evolution of the satellite [4] . 
 
One of the challenges to analyse the data was to pro-
vide as early as possible a reference trajectory that 
would allow all results to use it as a common refer-
ence. A dedicated team was set-up to achive this goal 
by using selected data sets made available by each 
science team. This paper will review the the Huygens 
mission design and the probe performances. A selec-
tion of the Huygens scientific results will be reviewed. 
Using few examples, the complementarity between the 
Huygens in situ measurements and the Orbiter remote 
sensing observations will be illustrated. 
 
Lessons learned regarding Huygens probe system and 
its instrument operations will be discussed in the con-
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Context: The National Aeronautics and Space 
Administration’s Human Spaceflight  Archi-
tecture Team (HAT) has been developing a prelimi-
nary Destination Mission Concept (DMC) to assess 
how a human orbital mission to one or both of the 
Martian moons, Phobos and Deimos, might be con-
ducted as a follow-on to a human mission to a near-
Earth asteroid and as a possible preliminary step prior 
to a human landing on Mars. In addition to detailed in 
situ investigations to be conducted by the crew, the 
HAT Mars-Phobos-Deimos (MPD) mission would 
also permit the teleoperation of robotic systems by 
the crew while in the Mars system. The DMC devel-
opment activity provided an initial effort to identify 
the science and exploration objectives and investi-
gated the capabilities and operations concepts re-
quired for a human orbital mission to the Mars sys-
tem.  
Part of the study focused on the best observational 
strategies to address key science and exploration 
goals pertinent to the Martian system that would 
benefit from the unique advantage offered by a Hu-
man crew handling the implementation.  This presen-
tation will focus on hand-held and longer duration 
instrumentation that could be used by a deployed 
astronaut crew to the surface of Phobos or Deimos. 
Instrumentation requirements and technology options 
are described here. 
 
Science and Exploration Goals:   
Key science goals: The goals and objectives of 
the DMC are illustrated in Figure 1. They would in-
volve detailed characterization of the surface geol-
ogy, mineralogy, and fine chemistry. Science goals 
are also identified for the transit period to and from 
the Martian system and for targets of opportunity. 
Human exploration goals: A human MPD mission 
would be part of a larger campaign of human ex-
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exploration of Mars, including its surface, its moons, 
and the surrounding environment. “Human Explora-
tion Goals and Objectives” encompass gathering data 
and demonstrating technologies/operations needed in 
advance of humans attaining the next level of Mars 
exploration.  
 
Implications for implementation are presented in Ta-





SCIENCE PRIORITY IMPLEMENTATION IMPLICATION 
S1 Field science at surface of Pho-
bos/Deimos 
EVAs and the need for surface mobility, maximize contact time between as-
tronauts and geology, multiple sites to sample surface diversity. 
S2 Regolith science Requires method of acquiring samples from depth (~2-3 m), multiple sites to 
sample surface diversity. 
S3 Returned sample science Need field instruments to support sample selection, sample acquisition tools, 
sample packaging/containers. Samples from multiple sites are needed to 
capture material diversity. Requirements for sample collection and the 
amount of the returned sample mass needs to be carefully planned.  
S4 Long-term monitoring A set of monitoring instruments would need to be set up by the astronauts, and 
left behind on P/D. 
S5 MSR sample cache Autonomous or performed by the crew, requires further analysis.  
S6 Telerobotics to Mars’ surface The priority is unclear – science drivers are not well defined. Also unclear 
implications for time and position of the astronauts, and necessity for pre-
deployment of assets.  
 
 
EXPLORATION OEBJCTIVES IMPLEMENTATION IMPLICATION 
E1 Obtain knowledge of Mars, its 
moons, and the surrounding envi-
ronment 
a) Data to develop gravitational potential models for Phobos and Deimos; b) 
Imagery of TBD resolution with altimetry of the entire surfaces of Phobos and 
Deimos; c) SPE and GCR radiation measurements from orbit; d) data to de-
velop preliminary geological maps of Phobos and Deimos; e) Civil engineer-
ing data for safe landing and operations. 
E2 Conduct technology, operations, 
and infrastructure demonstrations 
a) Exercise Mars surface sample return protocol; b) Collect system perform-
ance data (ECLSS, power, etc.); c) Exercise independent crew operation pro-
cedures; d) Exercise orbital operations (e.g., rendezvous with a suitable tar-
get); e) Demonstrate ISRU on Phobos and Deimos. 
E3 Incorporate partnerships that 
broadens overall organizational 
participation 
a) International Partner contribution of mission elements, experiments, and 
other equipment; b) Use of commercially available elements with (potential 
augmentation) to meet mission requirements; c) Include partnerships as appli-
cable with other US government agencies. 
E4 Incorporate multiple public en-
gagement events.  
 
a) Perform an early mission to the Martian system to engage the public and 
maintain interest in Mars surface mission; b) Include student-developed ex-
periments and projects (allocated time, mass, power, etc.); c) Include time in 
scheduled crew activities for public outreach activities during all mission 
phases. 
E5 Prepare for sustained human 
presence. 
a) Catalog elements and minerals types and concentrations on the surface and 
subsurface of Phobos and Deimos; b) Surface and near-subsurface “civil engi-
neering” properties at Phobos and Deimos; c) Long duration Mars atmospheric 
observations; d) Demonstrate ISRU processes for applicable mineral types; e) 
Demonstrate key elements (TBD) of long term orbital infrastructure. 
  
• Obtain knowledge of Mars, its moons, and the surround-
ing environment sufficient to design and implement hu-
man missions with acceptable cost, risk, and perform-
ance 
• Conduct technology, operations, and infrastructure dem-
onstrations in transit to, in orbit around, or on the surface 
of Mars or Phobos and Deimos to reduce risk or cost for 
human missions. 
• Incorporate partnerships (international, commercial, etc.) 
that broadens overall organizational participation but 
also lowers the total program cost for each partner. 
• Incorporate multiple public engagement events spread 
across entire mission durations and using multiple media 
types. 
• Prepare for sustained human presence 
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MPD Mission Instrument Payload 
The payload would encompass 6 main categories 
of instruments and tools: 
1. Astronaut-held instruments that could be used 
while investigating the surface (S1, E1-E3, E5). 
2. Autonomous, mobile instrumented platforms 
that could increase the spatial extent of exploration at 
landing sites (S1-S4, E1-E5). 
3. Instruments that could be deployed on P/D by 
the astronauts and left behind for long-term monitor-
ing (S4, E3, E5). 
4. Spacecraft-mounted and astronaut-tended in-
struments that could be used during cruise and for 
reconnaissance at the targets (E1, E3, E4).   
5. Spacecraft-mounted instruments that are con-
trolled by a science team on Earth.  For example, 
spectrometers or cameras where there is no need for a 
local (i.e. astronaut) human in the loop. 
6. Tools and packaging for sample collection (S2, 
S3).  
  
These instruments are described below. The cur-
rent state of the art and specific needs for technologi-
cal developments are addressed in the next section.  
 
Handheld Instruments: These include analytical 
instruments for in situ material characterization and 
sample selection. These should have the resolution 
sufficient to enable fine mineralogical, elemental and 
isotopic measurements, but without requiring long (> 
a few min.) integration times. Some of these instru-
ments might be set up on stands or set directly on the 
ground and left in precise pointing position for 
extended integration times (e.g., for TLS, mass spec-
trometry).  
Geotechnical properties testing (E1) might be 
achieved with techniques regularly used on Earth for 
studying the response of the soil to stress exerted by 
all types of tools (ranging from a coring tube to the 
crew vehicle itself).  
The MPD mission payload also would include the 
deployment of multiple dust counter and analyzer 
instruments to monitor dust dynamics in the Martian 
system. That category also encompasses instruments 
for the identification of materials that could eventu-
ally be utilized for in situ resources (e.g., OH-bearing 
phyllosilicates).  
  
Mobile Instrumented Platforms: A number of in 
situ assets already available or under development 
could be used by the crew for technical support or to 
expand the exploration around a given landing site. 
These include hoppers or rovers (e.g., Hayabusa’s 
Minerva probe, thumpers on the Moon, hedgehog), 
and small mobile assets that would provide additional 
instrumentation for material investigation or recon-
naissance for risky areas (e.g., crater walls) not easily 
accessible to a crew. These assets could be instru-
mented with small visible and IR cameras.   
 
Network Deployment for Long-Term Monitoring 
Certain objectives, such as the characterization of 
the subsurface (e.g., regolith thickness, porosity be-
low a few meters) would require geophysical 
instrumentation deployed in multiple locations (e.g., 
thermal conductivity, seismometry, and radio-
science).  These instruments would require long-term 
monitoring for increased signal to noise ratio, cover-
age, and duration. The benefit of these types of inves-
tigations is the science return of these geophysical 
stations increases with the operational lifetime of the 
instruments.. 
 
Instruments on-board the Crew Vehicle: These 
are instruments classically used for imaging and opti-
cal remote sensing, as well as a dust/plasma analyz-
ers, LIDAR/laser altimeter or 3D imaging camera 
(Boeing)  
The assumption for the preliminary MPD DMC  
was that the crew would perform preliminary charac-
terization and sorting of samples as part of extra-
vehicular activities.  The potential benefits of an an 
intra-vehicular laboratory, glove box, etc. for use 
while in the Mars system or during the transit back to 
Earth were not investigated.  The architectural impact 
from the additional mass required for this capability 
would need to be assessed.    
 
Tools and Packaging for Rock and Regolith Sci-
ence Samples:  
The most important aspect for sample science is 
to collect representative samples from all of the geo-
logical units present at the surface.  Sampling the 
geological diversity of the body will be of paramount 
interest for science.  CAPTEM has suggested that the 
minimum amount of sample from each distinct unit 
should be approximately 100 g.  This would provide 
enough sample for preliminary scientific characteri-
zation, more in depth detailed investigations, labora-
tory curation, and for future analytical techniques. 
Samples from the sub-surface of these bodies 
would also provide detailed information relevant for 
science, exploration, and in situ resource utilization.  
Several cores would be acquired a few meters in 
depth, and several regolith samples taken from spe-
cific areas of interest.  Each core or sample may be in 
excess of several kg.  The tools and techniques would 
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be similar in principle to those utilized by Apollo 
crews during their lunar activities. 
Storage and containment will be of importance 
since this mass for these materials will also come out 
of the entire allocation for the return mass to Earth.  
Therefore packaging and temporary containment 
(e.g., cold stowage) should be designed to have 
minimal impact on the overall return mass allocation 




State of the Art and Technological Develop-
ment Needs:  
For spacecraft-mounted instruments, as a refer-
ence the current state of the art (as presented in this 
workshop), with the anticipation that future techno-
logical development will promote miniaturization, 
increased spectral resolution, on-board processing, 
agile science operations, as well as improved tech-
niques for terrain reconstruction.  
In this section we focus on the three other catego-
ries of instruments whose technology or subsystems 
are low-TRL at this time. 
 
Handheld Instruments: Recent investigations have 
been studying the possibility of extrapolating Earth-
based handheld field instruments to ones  suitable for 
planetary science and in situ resource utilization. 
Such instruments are being developed and tested in 
analog environments by NASA (e.g., Desert RATS, 
NASA ISRU, etc.). 
Monitoring Stations: Several geophysical moni-
toring stations have already been developed: for the 
Discovery-12 mission currently under competition, 
InSight, and penetrators developed by the UK Con-
sortium for penetrators (e.g., mission concept Moon-
lite, [??]). Hence small seismometers, thermoprobes 
and beacons are already available and radiation 
tested. Telecommunication to Earth or relay space-
craft could be achieved with small, low-power heli-
coidal or patch antennas. The primary limitation of 
long-monitoring stations is available power. Phobos’ 
and Deimos’ maximum surface temperature is up to 
320 K during the day but can be as low as 120 K at 
night ([??]). However, most of the geophysical pack-
age would be buried so that diurnal variations in tem-
perature would be a minor issue (hence the critical 
role of the crew for instrument setup).  
 Solar panels and batteries should be sufficient for 
passive instruments, based on previous studies (ref). 
Technologies such as microwires to dust off panels, 
the prospect of fuel cells in the next two decades, 
improvement of battery performance, as well as small 
and tailorable RHU units currently under develop-
ment as part of NASA’s OCT portfolio ([??]) suggest 
that the utilization of long-term monitoring stations 
may be accessible to the next generation of planetary 
exploration.  
 
Mobile Instrumented Platforms 
Mobile instrumented platforms are currently low-
TRL. JAXA’s Minerva hopper represents a lower 
bound on mobile nanosat (total mass is only 591 
grams and its capability is limited in terms of lifetime 
and spatial exploration). However, NASA’s Office of 
the Chief Technologist (OCT) portfolio contains sev-
eral technologies that could lead to the next genera-
tion of semi-autonomous mobile platforms, such as 
the hybrid rover designed specifically for Pho-
bos/Deimos exploration ([??]). Platforms such as the 
Personal Satellite Assistant (ref) are anticipated to 
achieve extensive capability in the next two decades.  
 
Ground Support:  
Analysis and Curatorial facilities 
A large component of the science to be achieved 
with this mission would revolve around returned 
sample analysis. Of primary interest is whether there 
are volatiles and organic species on Phobos or Dei-
mos that could be exploited for resources. We assume 
that, by the time such a mission occurs, the capability 
necessary to analyze and curate such samples will be 
available, and optimized thanks to investment 
through current and prospective Near-Earth Asteroid 
sample return missions (e.g., OSIRIS-REx, Hay-
abusa-2, Marco Polo R). and Comet sample return 
missions such as Stardust.  
. 
Discussion: 
There are four main types of instruments/tools 
that need development prior to conducting a human 
mission to such objects as Phobos and Deimos.  De-
velopment of instruments/tools for these destinations 
would be relevant for many other planetary surfaces 
in which human crews could explore in the future 
(e.g., Moon, near-Earth asteroids, and Mars). 
1) Handheld instruments/tools:  These instru-
ments must be primarily low mass, compact, 
and reliable/durable.  EVA time on the sur-
face of Phobos and Deimos will be limited so 
any instruments will need to have the capa-
bility to rapidly obtain information of inter-
est.  It would also be advantageous for any 
powered instruments to have rapid recharge 
capabilities and easily interface with the 
crew’s EVA systems. 
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2) Autonomous mobile assets:  These assets 
should be designed to operate completely 
autonomously, but also have the capability to 
be controlled via the crew or the ground sup-
port team.  Such assets would provide sup-
port directly to the crew and therefore should 
have reliable GNC as well as refined 
autonomous functions for close crew support 
under micro- or low-gravity conditions.  
Miniaturization of sensors and instruments 
for these assets would be desirable. 
3) Deployable instruments:  These types of in-
struments are those that would operate for ex-
tended periods of time (e.g., days, weeks, 
months, etc.) and so should be designed to be 
compact enough for crew deployment, but 
also have enough power systems to operate 
the instruments for long duration.  Hence re-
liable, high-efficiency, and chargeable power 
systems (e.g., solar cells, batteries, fuel cells, 
etc.) should be developed.  In addition, such 
systems would be operating for extended pe-
riods of time on planetary surfaces and must 
be designed to handle any expected environ-
mental conditions that it may encounter (e.g., 
low gravity conditions, particulates, thermal, 
plasma, electrostatic, etc.) 
4) Tools/Instruments for sample collection and 
storage: Emphasis should be on miniaturiza-
tion and use of tools in micro- or low gravity 
conditions.  In some situations, the collecting 
tools may be the preferred method for con-
tainment and stowage of the sample (e.g., 
core tubes).  The restrictions on mass alloca-
tion for Earth return will necessitate that spe-
cial attention should be made with regards to 
packaging and containment of the samples 
and in some cases the tools or EVA equip-
ment themselves. 
Conclusion: 
The analysis of the Phobos/Deimos Design Mis-
sion Concept has highlighted the need for future de-
velopment of the instruments and tools to be utilized 
by a human crew.  Current technology readiness lev-
els for instruments/tools should be improved in order 
to further NASA’s Science Mission Directorate and 
Human Exploration and Operations Mission Direc-
torate goals and objectives for Solar System explora-
tion.  NASA’s exploration and scientific communities 
should work together with academic and private insti-
tutions to identify mission instruments, techniques, 
and tools that would be used for future human mis-
sions to destinations beyond low-Earth orbit. 
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Context: The National Aeronautics and Space 
Administration’s Human Spaceflight Architecture 
Team (HAT) has been developing a preliminary Des-
tination Mission Concept (DMC) to assess how a 
human orbital mission to one or both of the Martian 
moons, Phobos and Deimos, might be conducted as a 
follow-on to a human mission to a near-Earth aster-
oid and as a possible preliminary step prior to a hu-
man landing on Mars. In addition to detailed in situ 
investigations to be conducted by the crew, the HAT 
Mars-Phobos-Deimos (MPD) mission would also 
permit the teleoperation of robotic systems by the 
crew while in the Mars system. The DMC develop-
ment activity provided an initial effort to identify the 
science and exploration objectives and investigated 
the capabilities and operations concepts required for a 
human orbital mission to the Mars system.  
Part of the study focused on the best observational 
strategies to address key science and exploration 
goals pertinent to the Martian system that would 
benefit from the unique advantage offered by a Hu-
man crew handling the implementation.  This presen-
tation will focus on hand-held and longer duration 
instrumentation that could be used by a deployed 
astronaut crew to the surface of Phobos or Deimos. 
Instrumentation requirements and technology options 
are described here. 
 
Science and Exploration Goals:   
Key science goals: The goals and objectives of 
the DMC are illustrated in Figure 1. They would in-
volve detailed characterization of the surface geol-
ogy, mineralogy, and fine chemistry. Science goals 
are also identified for the transit period to and from 
the Martian system and for targets of opportunity. 
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Human exploration goals: A human MPD mission 
would be part of a larger campaign of human explo-
ration of Mars, including its surface, its moons, and 
the surrounding environment. “Human Exploration 
Goals and Objectives” encompass gathering data and 
demonstrating technologies/operations needed in 
advance of humans attaining the next level of Mars 
exploration. Specific objectives are:  
• Obtain knowledge of Mars, its moons, and the sur-
rounding environment sufficient to design and im-
plement human missions with acceptable cost, risk, 
and performance 
 
• Conduct technology, operations, and infrastructure 
demonstrations in transit to, in orbit around, or on 
the surface of Mars or Phobos and Deimos to re-
duce risk or cost for human missions. 
• Incorporate partnerships (international, commer-
cial, etc.) that broadens overall organizational par-
ticipation but also lowers the total program cost for 
each partner. 
• Incorporate multiple public engagement events 
spread across entire mission durations and using 
multiple media types. 
• Prepare for sustained human presence 
 
Implications for implementation are presented below. 
 
SCIENCE PRIORITIES IMPLEMENTATION IMPLICATION 
S1 Field science at surface of Pho-
bos/Deimos 
Extra-Vehicular Activities (EVAs) and the need for surface mobility, maximize 
contact time between astronauts and geology, multiple sites to sample surface 
diversity. 
S2 Regolith science Requires method of acquiring samples from depth (~2-3 m), multiple sites to 
sample surface diversity. 
S3 Returned sample science Need field instruments to support sample selection, sample acquisition tools, 
sample packaging/containers. Samples from multiple sites are needed to cap-
ture material diversity. Requirements for sample collection and the amount of 
the returned sample mass needs to be carefully planned.  
S4 Long-term monitoring A set of monitoring instruments would need to be set up by the astronauts, and 
left behind on Phobos/Deimos 
S5 Mars Sample Return cache retrieval Autonomous, performed by the crew, or semi-autonomous – requires further 
analysis.  
S6 Telerobotics to Mars’ surface The priority is unclear – science drivers are not well defined. Also unclear 
implications for time and position of the astronauts, and necessity for pre-
deployment of assets.  
 
EXPLORATION OBJECTIVES IMPLEMENTATION IMPLICATION 
E1 Obtain knowledge of Mars, its 
moons, and the surrounding envi-
ronment 
a) Data to develop gravitational potential models for Phobos and Deimos; b) 
Imagery of TBD resolution with altimetry of the entire surfaces of Phobos and 
Deimos; c) Solar Particle Event and Galactic Cosmic Ray radiation measure-
ments from orbit; d) data to develop preliminary geological maps of Phobos and 
Deimos; e) Civil engineering data for safe landing and operations. 
E2 Conduct technology, operations, and 
infrastructure demonstrations 
a) Exercise Mars surface sample return protocol; b) Collect system performance 
data (Environmental Control and Life Support System, power, etc.); c) Exercise 
independent crew operation procedures; d) Exercise orbital operations (e.g., 
rendezvous with a suitable target); e) Demonstrate In Situ Resourface Utiliza-
tion (ISRU) on Phobos and Deimos. 
E3 Incorporate partnerships that broad-
ens overall organizational participa-
tion 
a) International Partner contribution of mission elements, experiments, and other 
equipment; b) Use of commercially available elements with (potential augmen-
tation) to meet mission requirements; c) Include partnerships as applicable with 
other US government agencies. 
E4 Incorporate multiple public engage-
ment events.  
 
a) Perform an early mission to the Martian system to engage the public and 
maintain interest in Mars surface mission; b) Include student-developed experi-
ments and projects (allocated time, mass, power, etc.); c) Include time in sched-
uled crew activities for public outreach activities during all mission phases. 
E5 Prepare for sustained human pres-
ence. 
a) Catalog elements and minerals types and concentrations on the surface and 
subsurface of Phobos and Deimos; b) Surface and near-subsurface “civil engi-
neering” properties at Phobos and Deimos; c) Long duration Mars atmospheric 
observations; d) Demonstrate ISRU processes for applicable mineral types; e) 
Demonstrate key elements (TBD) of long term orbital infrastructure. 
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MPD Mission Instrument Payload 
The payload would encompass 6 main categories 
of instruments and tools: 
1. Astronaut-held instruments that could be used 
while investigating the surface (S1, E1-E3, E5). 
2. Autonomous, mobile instrumented platforms 
that could increase the spatial extent of exploration at 
landing sites (S1-S4, E1-E5). 
3. Instruments that could be deployed on P/D by 
the astronauts and left behind for long-term monitor-
ing (S4, E1-E3, E5). 
4. Spacecraft-mounted and astronaut-tended in-
struments that could be used during cruise and for 
reconnaissance at the targets (E1, E3, E4).   
5. Spacecraft-mounted instruments that are con-
trolled by a science team on Earth.  For example, 
spectrometers or cameras where there is no need for 
local human assistance (E1-E5). 
6. Tools and packaging for sample collection (S2, 
S3, E1-E3, E5).  
7. Terrestrial laboratories for returned sample sci-
ence (S2, S3, S5). 
  
These instruments are described below. The cur-
rent state of the art (SOA) and specific needs for 
technological developments are addressed in the next 
section.  
 
Handheld Instruments: These include analytical 
instruments for in situ material characterization and 
sample selection. These should have the resolution 
sufficient to enable fine mineralogical, elemental and 
isotopic measurements, but without requiring long (> 
a few min.) integration times. Some of these instru-
ments might be set up on stands or set directly on the 
ground and left in precise pointing position for 
extended integration times (e.g., for TLS, mass spec-
trometry).  
Geotechnical properties testing (E1) might be 
achieved with techniques regularly used on Earth for 
studying the response of the soil to stress exerted by 
all types of tools (ranging from a coring tube to the 
crew vehicle itself).  
That category also encompasses instruments for 
the extraction of in situ resources. These instruments 
are likely to have a high degree of commonality with 
instruments that could be used to achieve scientific 
objectives, such as quantifying the type and abun-
dance (both at the surface and below the surface) of 
relevant elements and minerals. Additional instru-
ments would be required to understand the “civil en-
gineering” properties of the surface material so that, 
if usable quantities of ISRU materials are located, 
studies could proceed to design the machinery needed 
to gather and extract useful commodities.  
 
Mobile Instrumented Platforms: A number of in 
situ assets already available or under development 
could be used by the crew for technical support or to 
expand the exploration around a given landing site. 
These include hoppers or rovers, and small mobile 
assets that would provide additional instrumentation 
for material investigation or reconnaissance for risky 
areas (e.g., crater walls) not easily accessible to a 
crew. These small robotic vehicles could be instru-
mented with small visible and IR cameras.   
 
Network Deployment for Long-Term Monitoring 
Certain objectives, such as the characterization of 
the subsurface (e.g., regolith thickness, porosity be-
low a few meters) would require geophysical 
instrumentation deployed in multiple locations (e.g., 
thermal conductivity, seismometry, and radio-
science).  These instruments would require long-term 
monitoring for increased signal-to-noise ratio and 
temporal coverage. The benefit of these types of in-
vestigations is the science return of these geophysical 
stations increases with the operational lifetime of the 
instruments.. 
The MPD mission payload also could also include 
the deployment of multiple dust counter and analyzer 
instruments to monitor dust dynamics in the Martian 
system.  
 
Instruments on-board the Crew Vehicle: These 
are instruments classically used for imaging and opti-
cal remote sensing, as well as a dust/plasma analyz-
ers, LIDAR/laser altimeter or 3D imaging camera. 
The assumption for the preliminary MPD DMC 
was that the crew would perform preliminary charac-
terization and sorting of samples as part of extra-
vehicular activities. The potential benefits of an intra-
vehicular laboratory, glove box, etc. for use while in 
the Mars system or during the transit back to Earth 
were not investigated. The architectural impact from 
the additional mass required for this capability would 
need to be assessed.   
 
Tools and Packaging for Rock and Regolith Sci-
ence Samples:  
The most important aspect for sample science is 
to collect representative samples from all of the geo-
logical units present at the surface.  Sampling the 
geological diversity of the body will be of paramount 
interest for science.  CAPTEM (Curation and Analy-
sis Planning Team for Extraterrestrial Materials) has 
suggested that the minimum amount of sample from 
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each distinct unit should be approximately 100 g.  
This would provide enough sample for preliminary 
scientific characterization, more in depth detailed 
investigations, laboratory curation, and for future 
analytical techniques. 
Samples from the sub-surface of these bodies 
would also provide detailed information relevant for 
science, exploration, and in situ resource utilization.  
Several cores would be acquired a few meters in 
depth, and several regolith samples taken from spe-
cific areas of interest.  Each core or sample may be in 
excess of several kg.  The tools and techniques would 
be similar in principle to those utilized by Apollo 
crews during their lunar activities. 
Storage and containment will be of importance 
since this mass for these materials will also come out 
of the entire allocation for the return mass to Earth.  
Therefore packaging and temporary containment 
(e.g., cold stowage) should be designed to have 
minimal impact on the overall return mass allocation 
without compromising the scientific integrity of the 
samples. 
 
State of the Art and Technological Develop-
ment Needs:  
For spacecraft-mounted instruments, using as a 
reference the current SOA as presented in this work-
shop, it is anticipated that future technological devel-
opment will promote miniaturization, increased spec-
tral resolution, on-board processing, agile science 
operations, as well as improved techniques for terrain 
reconstruction.  
In this section we focus on the three other catego-
ries of instruments whose technology or subsystems 
are low-TRL (Technology Readiness Level) at this 
time. 
 
Handheld Instruments: Recent investigations 
have been studying the possibility of extrapolating 
Earth-based handheld field instruments to ones  suit-
able for planetary science and in situ resource utiliza-
tion. Such instruments are being developed and tested 
in analog environments by NASA (e.g., Desert Re-
search and Technology Studies (RaTS), NASA ISRU 
Program, etc.). 
 
Monitoring Stations: Several geophysical moni-
toring stations have already been developed: for the 
Discovery-12 mission currently under competition, 
InSight, and penetrators developed by the UK Con-
sortium for penetrators. Hence small seismometers, 
thermoprobes and beacons are already available and 
radiation tested. Telecommunication to Earth or relay 
spacecraft could be achieved with small, low-power 
helicoidal or patch antennas. The primary limitation 
of long-monitoring stations is available power. Pho-
bos’ and Deimos’ maximum surface temperature is 
up to 320 K during the day but can be as low as 120 
K at night. However, most of the geophysical pack-
age would be buried so that diurnal variations in tem-
perature would be a minor issue (hence the critical 
role of the crew for instrument setup).  
 Solar panels and batteries should be sufficient for 
monitoring instruments,. Technologies such as mi-
crowires to dust off panels, the prospect of fuel cells 
in the next two decades, improvement of battery per-
formance, as well as small and tailorable 
Radioisotope Heater Units currently under develop-
ment as part of NASA’s Office of the Chief Tech-
nologist (OCT) portfolio suggest that the utilization 
of long-term monitoring stations may be accessible to 
the next generation of planetary exploration.  
 
Mobile Instrumented Platforms 
Mobile instrumented platforms are currently low-
TRL. JAXA’s Minerva hopper represents a lower 
bound on mobile nanosat (total mass is only 591 
grams and its capability is limited in terms of lifetime 
and spatial exploration). However, NASA’s OCT 
portfolio contains several technologies that could 
lead to the next generation of semi-autonomous mo-
bile platforms. Platforms such as the Personal Satel-
lite Assistant are anticipated to achieve extensive 
capability in the next two decades.  
 
Ground Support:  
Analysis and Curatorial facilities 
A large component of the science to be achieved 
with this mission would revolve around returned 
sample analysis. Of primary interest is whether there 
are volatiles and organic species on Phobos or Dei-
mos that could be exploited for resources. We assume 
that, by the time such a mission occurs, the capability 
necessary to analyze and curate such samples will be 
available, and optimized thanks to investment 
through current and prospective Near-Earth Asteroid 
sample return missions (e.g., OSIRIS-REx, Hay-
abusa-2, Marco Polo R). and Comet sample return 
missions such as Stardust.  
. 
Discussion: 
There are four main types of instruments/tools 
that need development prior to conducting a human 
mission to such objects as Phobos and Deimos.  De-
velopment of instruments/tools for these destinations 
would be relevant for many other planetary surfaces 
in which human crews could explore in the future 
(e.g., Moon, near-Earth asteroids, and Mars). 
261International Workshop on Instrumentation for Planetary Missions
1) Handheld instruments/tools:  These instru-
ments must be primarily low mass, compact, 
and reliable/durable.  EVA time on the sur-
face of Phobos and Deimos will be limited so 
any instruments will need to have the capa-
bility to rapidly obtain information of inter-
est.  It would also be advantageous for any 
powered instruments to have rapid recharge 
capabilities and easily interface with the 
crew’s EVA systems. 
2) Autonomous mobile assets:  These assets 
should be designed to operate completely 
autonomously, but also have the capability to 
be controlled via the crew or the ground sup-
port team.  Such assets would provide sup-
port directly to the crew and therefore should 
have reliable GNC as well as refined 
autonomous functions for close crew support 
under micro- or low-gravity conditions.  
Miniaturization of sensors and instruments 
for these assets would be desirable. 
3) Deployable instruments:  These types of in-
struments are those that would operate for ex-
tended periods of time (e.g., days, weeks, 
months, etc.) and so should be designed to be 
compact enough for crew deployment, but 
also have enough power systems to operate 
the instruments for long duration.  Hence re-
liable, high-efficiency, and chargeable power 
systems (e.g., solar cells, batteries, fuel cells, 
etc.) should be developed.  In addition, such 
systems would be operating for extended pe-
riods of time on planetary surfaces and must 
be designed to handle any expected environ-
mental conditions that it may encounter (e.g., 
low gravity conditions, particulates, thermal, 
plasma, electrostatic, etc.) 
4) Tools/Instruments for sample collection and 
storage: Emphasis should be on miniaturiza-
tion and use of tools in micro- or low gravity 
conditions.  In some situations, the collecting 
tools may be the preferred method for con-
tainment and stowage of the sample (e.g., 
core tubes).  The restrictions on mass alloca-
tion for Earth return will necessitate that spe-
cial attention should be made with regards to 
packaging and containment of the samples 




The analysis of the Phobos/Deimos Design Mis-
sion Concept has highlighted the need for future de-
velopment of the instruments and tools to be utilized 
by a human crew.  Current technology readiness lev-
els for instruments/tools should be improved in order 
to further NASA’s Science Mission Directorate and 
Human Exploration and Operations Mission Direc-
torate goals and objectives for Solar System explora-
tion.  NASA’s exploration and scientific communities 
should work together with academic and private insti-
tutions to identify mission instruments, techniques, 
and tools that would be used for future human mis-
sions to destinations beyond low-Earth orbit. 
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Introduction:  During planetary exploration, a 
mobile imaging system is necessary to support critical 
operations and surface scientific investigations, provid-
ing accurate localization of the lander/rover and 3-D 
terrain mapping for landing-site characterization.  
Most of the imaging sensors used in lunar and Mars 
landed missions, such as the stereo cameras onboard 
the Mars Pathfinder rover Sojourner [1], Navcam (nav-
igation) and Pancam (panoramic) stereo camera pairs 
mounted on the two rovers of the ongoing Mars Explo-
ration Rover 2003 mission [2], as well as the Navcam 
stereo and Mastcam cameras onboard the Curiosity 
rover of the Mars Science Laboratory mission, are 
frame cameras having a limited field of view (FOV). 
This makes the acquisition of a panorama time con-
suming with a heavy volume of data, in addition to 
overlapping between frames, complex geometry and 
other factors. Linescan-based panoramic scanning sys-
tems based on rotating linear-array sensors that record 
image lines within a cylindrical geometry would be an 
effective alternative for robotic planetary exploration 
due to advantages of quick image acquisition, smaller 
onboard data storage requirements, and high-quality 
images with homogeneous image quality (including 
brightness and contrast).  
The Mapping and GIS Laboratory at The Ohio 
State University (OSU) has been developing an inno-
vative, high-resolution linescan-based stereo panoram-
ic scanning system, the Mobile Panoramic Multispec-
tral Scanner (MPMS), since 2008 [3]. A preliminary 
prototype of MPMS has been assembled to test its po-
tential for serving as an engineering and science in-
strument for future missions to other planetary bodies. 
The system configuration, imaging geometry, geomet-
ric calibration and 3-D reconstruction and topographic 
mapping of this MPMS system is described below.  
System Configuration:  Two different camera 
configuration modes can be used in the design of lines-
can-based panoramic scanning systems: an on-axis 
(single center) mode and an off-axis (multiple-
perspective) mode. The developed MPMS system em-
ploys the off-axis mode in which two stereo linescan 
cameras are mounted off-axis on the horizontal bar of a 
camera mast almost equidistant from the rotation axis. 
In this mode, multi-perspective stereo panoramas can 
be acquired with uniform accuracy in all 360º direc-
tions at each depth.  
The major hardware components of the MPMS 
prototype are: a) stereo cameras (optical system, linear-
array CCDs and housing), b) a frame grabber, and c) a 
support system that includes a rotary stage with con-
troller, mast, and stereo camera bar (Figure 1).  
Figure 1. MPMS hardware configuration. 
 
In MPMS, the stereo cameras are at the same 
height and are equidistant from the shared rotation 
axis. Stereo panoramas can be produced by rotating 
MPMS around the mast at a specified mast height, 
baseline length, exposure time and rotation speed. 
Imaging Geometry:  The imaging geometry of the 
MPMS system is illustrated in Figure 2, differing from 
the conventional frame camera systems [4].  
 
 (a) Perspective View (b) Top View 
Figure 2. Cylindrical geometric model of MPMS. 
 
The relationship between the object point (X, Y, Z) 
and its image coordinates (m, n) is defined by a coor-
dinate transformation through an auxiliary coordinate 
system ( , , )X Y Z′ ′ ′ [3] such that: 
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where (ξ, η) are the Cartesian coordinates of the image 
point; (ξ o, ηo) are the components of the principal 
point; c is the focal length; N is the height of the pano-
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rama image; R is the distance between the camera cen-
ter and the rotation axis; Ah is the resolution of rota-
tion; Av is the size of the linear array in pixels; and Ω 
is the angle between the camera-looking direction and 
the normal direction. 
Geometric Calibration:  After the MPMS hard-
ware was integrated into a working system, a geomet-
ric calibration was performed to obtain accurate esti-
mates of camera parameters for both cameras including 
the interior-orientation parameters (c, ξ o, ηo, R, Ω) 
used in Equation 1 and the lens-distortion parameters 
(non-parallelism angles γ1, γ2 and lens radial distortion 
factors k1, k2). The calibration was done at the OSU 
indoor Camera Calibration Facility (Figure 3) that has 
a 3-D control network consisting of 180 precisely 
measured 3-D calibration targets distributed at various 
depths across the 3-D calibration field. After stereo 
panoramas of the calibration field were acquired, 29 
well-distributed targets (red crosses) were selected as 
control points and measured for their image point co-
ordinates as observations for calibration, as were 24 
targets selected as checkpoints (green dots) (see Figure 
3). 
  
Figure 3. Control points (red crosses) and checkpoints 
(green dots) on the stereo image pair for calibration. 
  
With a sufficient number of control points and 
Equation 1 as observation equations, a geometric cali-
bration can be performed through a self-calibration 
bundle adjustment with measured image points as ob-
servations to accurately determine the calibration pa-
rameters. Figure 4 shows the checkpoint residuals on 




0ˆ 0.38σ = pixel) 
   
(b) Right (
0ˆ 0.39σ = pixel) 
Figure 4. Checkpoint residuals on the stereo images. 
 
3-D Reconstruction and Topographic Mapping:  
After accurate estimation of the calibration parameters, 
the stereo panoramas derived from the MPMS system 
are qualified to generate high-precision 3-D mapping 
products including panoramic maps, DTMs, and or-
thophotos. Extraction of dense, accurate matching 
points throughout the stereo images is the prerequisite 
for 3-D reconstruction. A hierarchical coarse-to-fine 
stereo matching algorithm using an image pyramid [5], 
shown in Figure 5, was adopted to implement this pro-
cess.  
   
Figure 5. Conceptualization and workflow for  
hierarchical stereo matching. 
 
In this procedure, feature-based and area-based im-
age matching techniques were combined to achieve a 
high degree of reliability and automation in the finding 
of corresponding image features. The least-squares 
matching technique was applied in the final determina-
tion of each correspondence to ensure a subpixel level 
of matching precision. After corresponding points are 
found, ground positions are calculated using Equation 
1. Consequently, a DTM can be generated by Kriging 
interpolation and an orthophoto by back-projection 
using Equation 1. Examples of derived mapping prod-
ucts are shown in Figure 6.  
  
  (a) Left Panorama (180º)  (b) Right Panorama (180º) 
 (c) 3-D views: DTM and orthophoto draped on it 
Figure 6. Examples of derived mapping products. 
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Introduction:  Laser ablation time-of-flight mass 
spectrometry has several attractive features for sample 
analysis on planetary missions including relative 
simplicity, wide atomic mass range, high resolution, 
and compatibility with a variety of sampling and 
ionization methods. We have designed and developed 
a miniaturized laser ablation mass spectrometer 
(LAMS) for use on landed missions to airless bodies 
such as asteroids, comets, and most planetary satellites 
including the Moon [1,2]. On such missions, a fixed 
lander or a rover may be deployed to explore a local 
region of the surface, where chemical analysis of a 
variety of regolith materials is expected to be a top 
priority. In our LAMS instrument, a high-intensity 
pulsed laser is directed onto a sample of interest, 
forming ions that travel across the vacuum gap 
between the surface and the analyzer inlet, and are 
subsequently focused in a reflectron. Normally, the gap 
distance Lext (several cm in LAMS) has been treated as 
fixed, which could limit the variety of accessible 
samples around the spacecraft. However this technique 
is in fact compatible with variable Lext. By performing 
theoretical modeling, we have motivated the 
application of LAMS for fine-scale in situ analysis of 
samples at variable Lext up to at least several tens of 
cm, compatible with a robotic arm deployment as 
depicted in Figure 1, for access to many m2 around a 
lander or rover [2]. In addition, LAMS can be 
developed to adopt a pulsed ion gating technique for in 
situ detection of trace elements which have great 
diagnostic value in the study of small bodies and 
moons. Ion gating in LAMS reduces background noise, 
leading to lower limits of detection, at and below the 
parts-per-million by weight (ppmw) range for atomic 
species of high interest, such as some transition metal 
and rare earth elements, as well as Pb, U and Th. 
 
Standoff Sensor:  
Theoretical modeling: In the LAMS design, laser 
ablated ions travel from the sample surface into the 
mass analyzer and are redirected in a two-stage 
reflectron onto a dual microchannel plate (MCP) 
detector, arriving at a sequence of times proportional to 
the square root of their mass-to-charge ratios, i.e., 
(m/z)1/2. The field-free drift length L is the sum of ion 
path lengths outside (Lext) and inside (Lint) the 
spectrometer. The voltages V1 and V2 are applied to 
grids defining reflectron stages. A retarding potential 
analyzer (RPA) in front of the detector, with analyzer 
voltage VA applied between grids defines a minimum 
kinetic energy that ions must exceed to reach the MCP. 
The LAMS mass resolution (R) was determined and 
optimized as a function of L, c=V1/V2, and q=VA/V2 
using a one-dimensional model. We have performed 
simulations to varied lengths, i.e., L = 33cm, 34 cm, 36 
cm, 38 cm, 40 cm, 60 cm, 80 cm, and 100 cm [2]. The 
results showed that the resolution can be optimized at 
specific VA values for each drift length. With 
increasing drift length, the optimized VA value (i.e., q) 
increases, with the maximal resolution increasing 
substantially, and LAMS should be able to maintain R > 
250 over a range of L up to at least 1 m (Fig. 2) 
without severe internal attenuation of sensitivity. In 
addition, although in practice coarse tuning of VA may 
miss the optimized condition, the precision q required 
for a slightly-lower mass resolution (R = 250) is 
relaxed to experimentally reasonable value. This result 
is sufficiently encouraging that we are in the process of 
developing an appropriate laboratory demonstration. 
The use of a variable-standoff LAMS may thus be a 
potentially powerful and flexible tool for in situ 
measurements of the heterogeneous surface 
compositions of airless bodies. 
 
Fig. 1 LAMS with variable standoff capability may be 
implemented on an airless body surface mission to analyze 
the elemental composition of samples around the lander. L = 
Lint + Lext is the total field free drift distance of the laser 
ablated ions. 
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Fig. 2 The dependence of mass resolution (left axis), the 
focus c (right axis) and optimal RPA grid voltage ratio q 
(right axis) on L provide the tuning data needed to adjust 
LAMS to various standoff distances.  
 
Solutions for practical challenges. There are 
certain practical challenges to overcome in using 
LAMS on future missions, that we have addressed. 
The first challenge involves the loss of ion density with 
increasing Lext. This factor however is manageable 
within the resources available to a landed mission, 
given the ability of LAMS to generate very high ion 
densities with only modest increases in laser energy in 
the range of a few mJ per pulse. The second challenge 
is accommodating the variable range to target, which 
requires maintaining a small laser spot at different 
distances, and knowledge of Lext for instrument 
calibration. This is best handled through a combined 
focusing protocol, where the approximate distance, 
determined through imaging autofocus, is used to 
position the laser objective lens. Then final 
determination of Lext is achieved by varying laser 
energy and optimizing LAMS spectra over a small 
range of c and q. The third challenge is the uncertainty 
in the surface morphology of the target sample, which 
is the case for all distances but may be greater at larger 
Lext where imaging resolution is lower. Fortunately, the 
LAMS technique is sufficiently “destructive” on the 
local scale to create a small ablation pit that tends to 
orient toward the incoming laser beam within a few (5-
20) initial high-energy pulses. After this “pre-ablation” 
step, irregularities in the sample surface may be 
removed with ions then emitted generally toward the 
LAMS inlet. 
 
Trace Element Detection: 
 Demonstration of the standoff sensor: We have 
demonstrated the capability of LAMS for trace element 
detection by recording the mass spectra of reference 
samples including SRM C1154a steel (NIST), 95IRW 
glass (containing B2O3, MgO, Al2O3, SiO2, CaO, V2O3, 
MnO, CoO, CuO, Cs2O, BaO, La2O3, ThO2), as well as 
terrestrial basalt. Given the encouraging results from 
the calculation, the experimental demonstration of 
LAMS as a standoff sensor is underway to confirm the 
instrumental resolution change with various ion drift 
lengths.  
 
Adaptation of Ion gating:  Pulsed ion gating with, 
for example, a Bradbury-Nielsen Gate (BNG) as 
shown in Fig. 3, can be adapted on LAMS permitting 
the selective suppression of certain TOF regions. This 
technique in LAMS can increase sensitivity of the 
detection, limit dispersive effects, and reduce 
background noise. It could particularly benefit the in 
situ detection of trace elements below the parts-per-
million by weight (ppmw) level. Target elements of 
high interests including transition metal and rare earth 
elements, as well as Pb, U and Th. The results from 
such detection may substantially benefit the study of 
rare earth element systematics including depletions of 
volatiles in regolith surfaces, and potentially the 
analysis of key lithophiles for age dating of small 
bodies and moons.  
 
Fig. 3 (a) The planar BNG passes ions undisturbed unless 
a voltage is applied (~10-50 ns precision) to the 
interdigitated wire array. (b) Our BNG suspends 50 mm 
wires at a 75 mm pitch across an aperture. 
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Introduction:  Comprehensive two-dimensional 
gas chromatography (GC×GC) has emerged as one of 
the most powerful analytical separation processes in 
the last decade. The ability to resolve, identify and 
quantify hundreds to thousands of compounds in the 
same analytical run time as a single dimension GC 
analysis. This attribute combined with up to an order 
of magnitude increase in detection limit has allowed 
this technology to become a routine instrument in the 
environmental, petroleum and life science application 
areas. The ability to resolve trace level compounds 
from saturated or heavy-matrix samples without com-
promising sample integrity or sensitivity loss is critical 
in the search for organic material. 
The analytical power delivered by a comprehensive 
two-dimensional separation requires a very fast detec-
tor (>100 Hz) in order to identify and quantify the very 
narrow (50ms – 100ms) second dimension peaks that 
elute from the system. This requirement has led to the 
most practical detectors being a flame ionization and 
time-of-flight mass spectrometer. Commercial 
GC×GC-TOFMS systems have a large footprint, have 
a large resource demand (which include cryo-media 
and power), and are considered non-portable. 
Our group has been developing novel technology 
for incorporation into a GC×GC-TOFMS system that 
delivers analytical results complimentary to commer-
cial systems but without the resource demand. The 
proposed instrument will have application potential for 
the is-situ analysis of organic material in the carbon 
range of C5 to C50 in harsh environments such as plane-
tary soil, comet dust, liquid lakes and ice surfaces. 
 
Background: Since its invention just over a decade 
ago, the novel technique of comprehensive two-
dimensional gas chromatography (GC×GC) has been 
developed to separate and analyze complex samples 
such as petroleum 1-5, flavors 6, environmental 7-9 and 
even human breath samples 10. The technique of 
GC×GC employs two coupled columns of different 
selectivity and subjects the entire sample to a two-
dimensional separation. Effluent from the primary col-
umn is modulated to produce sharp chemical pulses, 
which are rapidly separated on the second column. A 
separation plane is produced by the two orthogonal 
retention time axes for the columns 11. Usually, the 
first column contains a non-polar stationary phase and 
the second column a polar stationary phase. This com-
bination allows components to be independently sepa-
rated, first according to their volatility and then accord-
ing to their polarity. In comparison to conventional 
single column gas chromatography, GC×GC has much 
higher peak capacity because the available peak capac-
ity is the theoretical product of the peak capacity of 
both dimensions. Other advantages of GC×GC include 
enhanced detectibility due to analyte refocusing, true 
background around resolved peaks, more reliable iden-
tification due to two retention times and well ordered 
bands of compound groups 12.  
     The key element in a GC×GC system is the modu-
lator, which focuses segments of the effluent from the 
primary column and re-injects them onto the secondary 
column. Different types of modulators have been de-
signed and shown to be capable of producing GC×GC 
chromatograms 13-19.  
     The two most common types of modulators are 
thermal based and valve based. Thermal modulators 
are the most widely used in the commercial industry 
and deliver the best performance with respect to modu-
lated peak widths across a wide volatility range. Ther-
mal modulators rely on a cryogenic media (LCO2 or 
LN2) to cool the cold-jet gas and as such have limited 
their use to laboratory based instruments. Valve based 
modulators are very simple in design, inexpensive and 
deliver excellent performance for highly volatile com-
ponents (C1-C4). Unfortunately, valve based modula-
tors rely on time compression and therefore give up the 
detectibility enhancement that thermal modulators pro-
vide. In addition, the added carrier gas needed to 
sweep the components out of each modulation cycle 
has limited its application in quantitative MS work.  
     Modulator development has been the significant 
hardware focus since the inception of GC×GC.  Vari-
ous research groups have proposed novel modulator 
designs, resource limiting options and alternatives that 
make GC×GC less resource intensive and potentially 
portable. 
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Instrument Design: The GC×GC system proposed by 
the group at SwRI incorporates a novel resistively-
heated and liquid cooled two-stage thermal modulator. 
This modulator only needs electrical power which 
eliminates the need for cryogenic gasses or compressed 
gasses. The GC×GC system is capable of analyzing 
liquid, solid or gas samples via a multi-stage thermal 
desorption trap prior to the analytical column ensem-
ble. Design goals for the analytical platform are 38kg 
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Introduction:  The second phase of Chang’E Pro-
gram(also named by Chang’E-3) is to land and perform 
in-situ detection on the lunar surface. A VIS/NIR imag-
ing spectrometer(VNIS) will be carried on the CE-3 lunar 
rover to detect lunar minerals and resources distribu-
tion[1], The spectral range for VNIS is from 0.45𝜇m to 
2.4𝜇m, lunar minerals can be recognized effectively in 
this spectral coverage. VNIS is the first mission in the 
world to perform in-situ spectral measurement on the 
surface of the Moon, the reflectance data of which is 
fundamental for lunar composition interpretation, 
whose quality would greatly affect the accuracy of lu-
nar elemental and mineral inversions.   
Until now, imaging spectrometers’ in-situ detection 
were only applied by Mars Rovers, we firstly reviewed 
reflectance conversion methods for Mars land rovers 
(Viking landers, Pathfinder and Mars Exploration rovers, 
etc)[2-5]. Secondly, we modified Mars Rover reflec-
tance conversion method according to the difference 
between lunar and Mar’s environment and applied the 
method to VNIS, by comparing VNIS’ olivine reflec-
tance data measured in the laboratory with standard 
spectrometer(ASD) got at the same time and the same 
observation conditions, the biggest spectral uncertain-
ty is within 9.8%, our reflectance conversion method is 
suitable for lunar in-situ detection. 
Methods:  According to the difference of detection 
environment and geometry between lunar and Mars, we 
improved Mars reflectance conversion methods and 
derived two reflectance products: radiance factor data 
(I/F ) and reflectance factor data (R*). 
I/F conversion: We firstly calculate the solar irradiance 
at lunar surface through every AOTF imaging spectro-
meter’s  band pass, and then set up a look-up table. 
Dividing VNIS’s radiance data which have been cali-
brated by look-up table’s results, we get I/F data in a 
fast and simplistic way: 













  (1) 
Where jR  is the jth band I/F, jI is the jth band image 
radiance data, 0( )I  is solar irradiance, ( )R  is the jth 
band imaging spectrometer’s spectral responsivity, and 
d is the distance between the moon and the sun. 
Reflectance factor(R*) conversion: The proposed pro-
cedures for spectrometer’s reflectance factor conver-
sion are as follows: 
(1) Measure and calculate reflectance factor data 
, ( , , )labR i e g of calibration target at every poss i-
ble geometries in ground laboratory experiments; 
(2) Resampling calibration target’s laboratory spec-
trum , ( , , )labR i e g into VNIS’s every band’s stan-
dard spectrum , ( , , )stdR i e g ; 
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  (2) 
, ( , , )sampleI i e g is the sample’s radiance data at fixed 
geometry of light incident angle i, emergence angle 
e, phase angle g. , ( , , )stdI i e g is calibration target’s 
radiance at the same geometry. 
VNIS’s work mode and geometry is different from 
Mars multispectral cameras. there is a dust cover 
aboard VNIS to prevent lunar dust felling on the cali-
bration target, this dust cover will be opened when the 
spectrometer work and it will be closed when the spec-
trometer not work. So, we don’t need to consider the 
dust effect on the calibration target. To avoid of high 
working temperature for the rover, VNIS’s geometry is 
restricted at solar elevation angle from 15°to 33°, 
thus the light incident angle will be changed from 57°
to 75°, The emission angle is fixed at 45°.  So a dif-
ferent BRDF model should be set up for calibration.  
Methods Validation:  Before VNIS brought to lunar 
surface, it should be done lots of ground validation 
experiments. Because laboratory light source is not 
sunlight, I/F conversion method could not be validated, 
but we can validate reflectance factor conversion me-
thod by comparing VNIS reflectance to a standard 
spectrometer(ASD)’s data. ASD instrument we used 
here is Field Spec 3, the performance and specification 
of which could be known from the web site (http:// 
www.asdi.com). 
 During the process of experiment, ASD and VNIS 
firstly measured the calibration target’s spectrum at the 
same time and the same viewing geometry, After cali-
bration target detected, we changed the objective to 
the mineral sample of olivine. Figure 1 shows the vali-
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dation pipeline, VNIS raw data calibration process in-
clude bias and dark current subtraction and radiance 
calibration. Figure 2 shows VNIS validation experiment 
devices and measurement principle. Figure 3 demon-
strates the olivine sample’s reflectance spectrum com-
parison results between ASD and VNIS . From the pic-
ture we could know that the shape and value of VNIS 
reflectance data is similar and close to standard ASD 
reflectance data, but we also noted that at some wave-
lengths, the VNIS reflectance spectrum is not as 
smooth as ASD. this is mainly because the standard 
ASD’s reflectance data is averaged by ten times  mea-
surement results, but VNIS reflectance data is not aver-
aged.  
Spectral uncertainty is an assessment parameter 
which could tell us the deviation of VNIS reflectance to 
ASD data.We calculate spectral uncertainty parameters 
between VNIS and ASD reflectance data, the calcula-











   
Where s  is spectral uncertainty parameter, ,VNIS iS  is 
VNIS the ith band reflectance factor, ,SS iS is ASD the 
ith band reflectance factor. Figure 4 demonstrates 
every band’s spectral uncertainty results, the biggest 
olivine’s spectral uncertainty between VNIS and ASD 
is within 9.8%, which tell us that VNIS reflectance fac-
tor data fit standard ASD data well, our conversion 
method is suitable for lunar in-situ detection. 
 
Figure 1. VNIS Reflectance factor data (R*) conversion 
method validation pipeline. 
 
 
Figure 2. VNIS ground science validation experiment devic-
es and measurement principle. The validation experiment 
simulates the condition of CE-3 lunar rover’s work mode on 
lunar surface. 
 
Figure 3. Olivine sample’s reflectance factor spectrum 
comparison between VNIS and ASD. 
 
 
Figure 4. Olivine sample’s spectral uncertainty between 
VNIS and standard ASD. 
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Summary: This paper describes new, innovative, 
non-intrusive ultrasonic instrumentation under devel-
opment for measuring recession of ablative TPS during 
atmospheric entry. In addition to recession measure-
ments, the ultrasonic technique provides in-depth tem-
perature profiles.  This paper describes the principle 
behind the ultrasonic method, progress made to-date in 
designing and testing the instrument with ablative TPS 
and the challenges in maturing the system to a TRL 5/6 
by 2016/2017.  In a companion paper, we review the 
state-of-the art in recession sensors from Galileo to 
MSL.   
Introduction:  Saturn and Uranus Probe missions 
were identified as high priority missions by the NRC 
Decadal Survey Committee in its report “Visions and 
Voyages for Planetary Science in the Decade 2013-
2022”.[1]  The NRC Committee report not only identi-
fies the important science goals for the study of the 
giant planets, it provides detailed objectives associated 
with the goals, important questions to be answered, and 
a road map of recommended future directions for in-
vestigation and measurements over the decade.  Mis-
sion studies performed in support of the NRC Decadal 
Committee identified the determination of atmospheric 
structure as a high priority objective. A number of sci-
entific questions focus on understanding the atmos-
pheric dynamical processes, heat flow and radiation 
balance, in general for all the outer planets. Saturn is of 
particular value, especially its thermal structure.  Some 
of the relevant questions identified are: 1) What are the 
current pressure-temperature profiles? 2) Why and how 
does the atmospheric temperature and cloud composi-
tion vary with depth and location on the planet? 3) 
Which processes influence the atmospheric thermal 
profile, and how do these vary with location? And 4) 
What mechanism has prolonged Saturn’s thermal evo-
lution? 
Mass loss measurement during entry can determine 
the thermal profile of an atmosphere, especially in the 
upper regions.  This method has been applied to Jupi-
ter’s upper atmosphere from the mass loss of the Gali-
leo probe’s heatshield as a result of extreme heating 
during entry.[2]  TPS mass loss in the heatshield occurs 
due to ablative processes at work in the extreme envi-
ronment.   
Future outer planet probes may use alternate high-
ly reliable and robust ablative TPS under development. 
Heritage TPS, namely heritage carbon phenolic, has 
critical performance and manufacturability issues.  The 
2-D nature of the heritage material has inherent failure 
modes that are not desirable and the material cannot 
currently be manufactured to original specifications. 
Unlike heritage carbon phenolic, Woven TPS is more 
mass efficient and its performance can be tailored to 
withstand higher heat loads without significant mass 
penalties. Woven TPS can facilitate the use of shallow-
er entry trajectories that reduce g-loads, which is a sci-
ence mission enabler for g-limited instruments and 
protecting sensitive samples.  
As part of the ablative TPS development, it is im-
portant to assess recession sensor compatibility with 
the TPS under development and if needed, co-develop 
the recession measurement system so that outer planet 
mission proposals can be assured of not only an engi-
neering solution for the probe entry but also the ability 
to perform important science during the entry phase.  
Woven TPS is a new, sustainable, weavable and 
tailorable ablative thermal protection material system 
known using textile manufacturing processes.[3] This 
development is time critical due to the fact that heritage 
carbon phenolic can no longer be manufactured to orig-
inal specifications.  An alternate TPS developed to 
TRL 5/6 by 2016/2017 is critical for any probe mission 
to Saturn or Uranus to be proposed with confidence.   
In addition to maturing TPS to high TRL level, devel-
opment and integration of compatible instruments with-
in the same time frame is also necessary to enable the 
achievement of scientific goals identified by the NRC 
Committee.  While conventional TPS instruments such 
as thermocouple plugs and recession sensors could be 
adapted in some cases, ultrasonic methods developed 
by IMS, Inc. are very attractive.  These methods are 
non-intrusive and can be readily integrated with Woven 
TPS. IMS Inc. and NASA Ames have partnered under 
a non-reimbursable space act agreement and are devel-
oping non-intrusive TPS instrumentation.  Preliminary 
experiments have been conducted in a small scale arc 
jet at NASA Ames evaluating the recession of Woven 
TPS using IMS instrumentation compared to traditional 
approaches to recession evaluation. IMS Inc. has al-
ready applied ultrasonic thermometry to aeroshells, 
combustion chambers, regenerative cooling channels 
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and other high temperature aerospace applications.    
Background: Recession measurements from the 
Galileo probe entry and how the data was used to de-
termine the temperature profile of Jupiter’s upper at-
mosphere, is well detailed[2]. A short summary is pro-
vided below. During entry, the probe heat shield was 
ablated by radiative and convective heating from 
shock-layer plasma.   
 
 
Figure 1.  Galileo Atmospheric Entry produced 
entry heating that is considered one of the ex-
treme environment ever encountered by any 
entry body ever designed by humans.  The 
probe lost 25% of the total entry mass during 
entry  
 
Sensors embedded in the heat shield measured the 
surface recession as a function of time, and were used 
to calculate changes in probe mass and frontal area as 
functions of time.  The density of the atmosphere was 
derived from probe decelerations through Newton’s 
second law and the defining equation for drag coeffi-
cient,  
D =  (1/2)(V
2
)CDA = ma       (1) 
Here, D is the aerodynamic drag on the probe; , the 
atmosphere density; V, the probe velocity; CD, its drag 
coefficient; A, the frontal area, m, the probe mass; and 
a, the deceleration.  Probe velocity was determined as a 
function of time by integrating the measured probe 
decelerations. Pressures are obtained from the density 
profile with the assumption of hydrostatic equilibrium.  
Temperatures were derived from these pressures and 
densities and the equation of state, P =RT.  The gas 
constant, R, varies with altitude according to a compo-
sition model, which defines atmospheric mean molecu-
lar weight as a function of altitude.  At the start of de-
scent, density calculated from pressure and temperature 
measurements agreed closely with the final density 
from the entry profile, demonstrating small density 
uncertainty.  
On Recession Sensors:  Science instruments are 
designed to obtain data to meet one or more science 
goals.  Engineering instruments, on the other hand, are 
designed to measure hardware performance in order to 
assess the risk in the design so future designs can be 
improved. It is seldom that one sensor can serve both 
science and engineering goals, however – a recession 
sensor is the exception.  Recession measurement sup-
ports both the science goal of determining the atmos-
pheric structure and is also an engineering instrument 
that can help determine the TPS risk.  For example, the 
Galileo recession sensor clearly pointed to the inade-
quacies of the original TPS thickness especially in the 
shoulder region.  The recession sensor also allowed the 
construction of the upper atmospheric thermal profile.  
The recession sensor is an integral part of the heat 
shield design, hence designing the recession sensor 
with the fidelity needed to meet the science goal needs 
to be balanced by the risk to the heatshield as the re-
cession sensors used in the Galileo probe or MSL re-
quire coring out holes in the TPS and installing the 
sensor plugs.  The potential risk of plugs allowing 
thermal breach is a concern.  Compared to standard 
techniques, a non-intrusive ultrasonic sensor does not 
require coring a hole or penetrating the TPS and hence 
if proven to work, this sensor will reduce the risk to the 
heat shield as well as lower heat shield certification 
costs. 
 
Figure 2. Location of 10 ablation sensors in 
the Galileo probe heatshield 
 
Figure 3.  Heatshield TPS thickness prior to 
and post-entry 
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Ultrasonic Methods: Non-intrusive ultrasonic ab-
lation and temperature distribution measurement offers 
the promise of real-time information.  Ultrasound can 
transform a heat shield itself into a sensor while ob-
serving recession and recession rate, internal tempera-
ture distribution, and in some cases heat flux.  While 
ultrasonic sensors have flown in heat shields in the 
past[3], modern signal processing and localization 
methods have been developed to combine the technol-
ogies of ultrasonic thickness gauging and ultrasonic 
thermometry into a method of temperature compen-
sated recession measurement, with the side effect of 
temperature distribution measurement. 
Ultrasonic sources embedded into or attached to the 
backside of a heat shield can be used to measure abla-
tion.  Thermal response times on the order of 100 mi-
croseconds (without thermal lag) can be attained [4].  
Diffuse ultrasonic backscatter from a material’s micro-
structure can be monitored at selected regions within a 
material and converted to temperature[5,6].  The data 
from regions that do not ablate can be used to directly 
compensate for temperature and material property 
changes at the surface without modeling. 
Ultrasound provides one of the few approaches to 
measuring the recession rate without requiring any in-
trusive physical TPS modification.  The method has the 
potential to provide real-time data using sensors locat-
ed remotely from the ablating surface.  The use of ul-
trasonic methods to monitor the ablators is not new.  
Around 1960, experimenters at AVCO began conduct-
ing experiments to measure the ablation of heat shields 
during re-entry.  The method was found to be most 
successful for higher density heat shield materials 
where the ultrasonic attenuation is sufficiently low so 
that pulse-echo data could be obtained in the MHz fre-
quency regime.  In 1975, McGunigle and Jennings 
demonstrated an ultrasonic sensor in a number of flight 
tests.[3]  In 1985, J.H. Gieske provided calibration data 
for an ultrasonic ablation detector (UAB) developed by 
Lockheed Missiles & Space Company.  For this study, 
Gieske measured the ultrasonic longitudinal wave ve-
locity from 70°F to 5400°F in carbon-carbon pitch and 
pitch/M2 shape stable nose tip material for the MK5 
flight vehicle.[7]  In a similar application, ultrasound 
has been used to measure recession (burning rates) in 
solid rocket propellants.[8]  For recently, modern ultra-
sonic methods have been revisited to address the ero-
sion and auto-ignition problems in large caliber 
guns[4]. 
Since the development of the initial ultrasonic abla-
tion measurement systems of the 1970’s, considerable 
advances have occurred in TPS materials as well as 
ultrasonic instrumentation, signal processing, and ultra-
sonic sensors.  High temperature piezoelectric sensors 
are commercially available with some ceramics operat-
ing at temperatures as high as 600°C and single crystals 
operating in excess of 1400°C.  High speed, inexpen-
sive, analog to digital conversion hardware and signal 
processing methods have been developed which can 
achieve precision in time-of flight (ToF) measurements 
of better than 50 picoseconds in explosive environ-
ments12,13.  Modern ultrasonic instrumentation is both 
small in size and has low power consumption.  These 
advances have rekindled interest in ultrasound as a 
viable method for measuring temperature, heat flux, 
and ablation. 
The ultrasonic method is illustrated in Figure 4.  A 
sensor which is used to both generate and detect ultra-
sound is attached remotely from the heat shield surface, 
thus isolating the sensor from the harsh chemical and 
thermal environment.  In some cases, a separate sensor 
to detect ultrasound is used for improved fidelity.  The 
size of the measurement zone is determined by the ul-
trasonic sensor frequency and size, which in turn is 
ultimately controlled by the propagation characteristics 
of the TPS material and its thickness.   
The basic equation relating the measured ultrasonic 
time-of-flight (ToF), G and the temperature, θ, and the 














          (2) 
Where L is the length of the sample which in the most 
general case will be a function of the temperature dis-
tribution, ϴ(x)and V is the ultrasonic velocity which is 
also a function of the temperature.  The basic measured 
parameter, G, is the ToF of the ultrasonic wave as it 
passes through the thickness of the component, reflects 
from the interface, and returns to the sensor.  The ToF 
is influenced by temperature, changes in thickness and 
changes in material properties.   
 
 
Harsh Thermal or Chemically Reacting 
Environment 




Figure 4. Illustration of ultrasonic methods 
 
Ultrasonic thermometry uses small variations in 
ToF to measure changes in material temperature.   
Harvesting ultrasonic echoes from any material struc-
ture or microstructure that may reflect sound, as shown 
in Figure 5, enables the localization of temperature 
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measurements to specific regions of a material.  This 
localization is independent of conditions outside of the 
region of interest, whether there are material property 
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Figure 5. Methods of localization for ultra-
sonic thermometry 
 
Ultrasonic ablation measurement combines ultra-
sonic thermometry with ultrasonic thickness gauging.  
The ToF of the receding surface is compensated by 
thermometry derived from the analysis of diffuse 
backscatter and converted to thickness.  This can be 
accomplished without relying on any thermal models. 
The accuracy of this conversion depends on the quality 
and location of diffuse backscatter echoes.  Non-
recessed diffuse backscatter from regions close to the 
final ablated surface offer the best correction. 
Diffuse backscatter from internal material micro-
structure is quite prevalent in many ablator materials.  
This backscatter can be used to localize measurements 
of temperature through a material as it ablates.  Since 
these sound reflections are from internal microstruc-
ture, they are received in time before the receding sur-
face echo and contain temperature and material proper-
ty information for regions of a material that are not 
actively receding. 
For an ablation event, the thickness L has both a re-
versible and irreversible component.  The reversible 
component is the thermal expansion coefficient, 
αwhile the irreversible component arises from the 
removal of material as well as permanent changes in 
the material properties (including char and pyrolysis).  
Similarly, the ultrasonic velocity will have reversible 
and irreversible changes with temperature.  In this case, 
the reversible changes result in the variation of elastic 
modulus with temperature.  These variations are re-
versible as long as the temperature is below the materi-
al’s melting point.  Irreversible changes can occur if 
the material undergoes a permanent phase change or is 
chemically altered.  In theory it is necessary to know 
the temperature profile, the thermal expansion and the 
ultrasonic velocity of both the virgin material and the 
char zone over the entire ablation temperature regime.  
All of these factors contribute to the variation of the 
ToF, G shown in Equation 2.  In practice, it is possible 
to obtain estimates of the recession rate without this 
extensive characterization data.  In many cases, the 
variation in thickness is the dominant parameter re-
sponsible for ToF changes.  In some cases, echoes 
from the backscatter in non-recessed zones can provide 
direct compensation for these reversible and irreversi-
ble changes without quantifying the magnitude of these 
changes. 
Ultrasound in a Woven TPS is shown in Figure 6.  
In this case, strong internal microstructure is visible 
with simple broad regions encased by cursors to 
designate where ToF tracking took place.  This time-
domain tracking method can be applied in real-time 
and produces a limited temperature profile.  To 
compensate for material property and temperature 
gradient changes, the ΔG of the internal microstructure 
closest to the backwall echo of the receding surface is 




Figure 6. Ultrasound in Woven TPS with 
thickness gauging applied to the orange 
window after temperature and material 
property changes measured in the green 
window are filtered out 
 
Raw data from a simple carbon phenolic is shown 
as measured in Figure 7 for a 20 second duration 
ablation event.  In this case, the recession echo (red) 
decreases in ToF drastically and then increases later 
throughout the measurement.  This shows the material 
receding while a torch is applied while after the 
ablation event, the ToF slowly increases as the result of 
temperature rise through the volume of material 
sampled.  In blue, a microstructural echo is shown in 
this same data.  The absolute ToF is lower because this 
data is from an internal region in the material beneath 
the receeding echo.  This region increases in ToF 
which is consistant with heat propagation due to a torch 
being applied at the surface. 
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Figure 7. Raw data collected from ultrasound 
on a carbon phenolic (not Woven TPS) from 
the receding surface and internal microstruc-
ture 
 
Subtracting the ToF variation (blue) in Figure 7 
from the ToF in the receding wall (red) removes the 
vast majority of temperature and material property 
changes from the thickness measurement.  The ToF of 
the receding echo can then be converted to thickness 
using standard ultrasonic thickness gauging techniques, 
as seen in Figure 8 which shows only a change in 
thickness in the sample tested. 
 
 
Figure 8. Data from Figure 4 converted di-
rectly to thickness without a model 
 
To date, the ultrasonic method has been demon-
strated on several carbon phenolic types from simple 
nozzle grade material to Woven TPS.  Oxy-acetylene 
torches and NASA’s small scale arc-jet have been used 
to produce recession which was monitored in real-time. 
Calibrating the technique and verifying the reces-
sion rate and temperature distribution is a matter of 
ongoing development.  Methods of ensuring quality 
test data, especially in arc-jet like high EMI environ-
ments are important.  Currently a few embedded ther-
mocouples have been the primary sources of real-time 
verification. 
Temperature distribution reconstruction is a prom-
ise of the technology, however diffuse backscatter 
monitoring in real-time is a nontrivial task.  As such, 
early investigation has focused on providing a few re-
gions of interest that track well as opposed to pulling 
out a full temperature distribution.  Key influencing 
factors in the success and precision of temperature dis-
tribution reconstruction include the ultrasonic frequen-
cy, sensor configuration and signal-to-noise.  The cur-
rent commercial laboratory equipment is generally best 
suited for slightly higher frequencies than are needed in 
materials like Woven TPS. 
Future development will include tuning ultrasonic 
instrumentation for better lower frequency operation.  
Additionally, experiments have been conducted thus 
far on small spot sizes, however plans to mature the 
technology to include surface shape recession with 
ultrasonic arrays are an important part of development.  
While TPS plugs and other invasive recession monitors 
offer point-source measurements, ultrasound is often 
applied in arrays for area measurement.  If this tech-
nology can be adapted to produce area surface meas-
urements on ablators this would provide an additional 
engineering and scientific benefit. 
This technology has been applied to several select 
materials including higher density carbon phenolics, 
with each class of material representing a unique set of 
challenges for calibration and characterization.  Mate-
rials with high levels of porosity decrease the available 
operating frequency range, while materials with strong 
internal reflectors due to weave type or orientation 
offer unique microstructural analysis methods. 
Overall, ultrasonic methods have been shown to 
have promise in measuring recession non-intrusively in 
real time.  Development of the technologies to TRL 5/6 
by 2016/2017 would provide a new enabling technolo-
gy for scientific missions to outer planets with signifi-
cant benefits to legacy techniques for recession meas-
urement.   
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Introduction:  The exchange of mass, heat and 
momentum at the air:sea interface are profound influ-
ences on the terrestrial environment, affecting the in-
tensity of hurricanes, the size of waves and lake-effect 
precipitation. Titan presents us with an opportunity to 
study these processes in a novel physical context, with 
a different sea, atmosphere and gravity. The MP3 in-
strument, under development for the proposed Discov-
ery mission TiME (Titan Mare Explorer [1,2])  is an 
integrated suite of small, simple sensors that combines 
the function of traditional meteorology packages with 
liquid physical properties and depth-sounding : these 
latter functions follow the concept of - and indeed use 
spare elements from - the Huygens Surface Science 
Package (SSP,[3]). However, unlike Huygens’ brief 
and dynamic 3 hours of measurement,  in TiME’s 6-
Titan-day (96 Earth day)  nominal mission enabled by 
radioisotope power, MP3 will have an unprecedented 
long-term measurement opportunity in one of the most 
evocative environments in the solar system, Titan’s sea 
Ligeia Mare.  
Concept and Goals:  Titan’s seas are a scientifi-
cally-rich environment where even simple measure-
ments are of great value.  Each sensor measures only 
one or two physical quantities, facilitating parallel de-
velopment and calibration. Together, however, they 
will make vital in-situ measurements that will constrain 
the processes at work in and between Titan’s atmos-
phere and seas.   
The topside meteorology sensors (METH, WIND, 
PRES, TEMP) exposed to the atmosphere will yield 
the first long-duration in-situ data to constrain Global 
Circulation Models. The sea sensors (TEMP, TURB, 
DIEL, SOSO) allow high cadence bulk composition 
measurements to detect heterogeneities (such as me-
thane-rich rain layers or muddy river plumes in the 
ethane-methane sea) as the TiME capsule drifts across 
Ligeia, while a depth sounder (SONR) will measure the 
bottom profile, constraining the size of Ligeia as a 
planetary volatile reservoir. The combination of these 
sensors (and vehicle dynamics, ACCL) will character-
ize air-sea exchange. 
In addition to long-duration measurements on the 
surface, a subset (ACCL, PRES, METH, TEMP) are 
made during descent to characterize the structure of the 
polar troposphere and marine boundary layer, which is 
expected to be somewhat different from those encoun-
tered by Huygens in the equatorial desert.  
 
Instrument Design and Expected  Results:  A 
single electronics box inside the vehicle performs su-
pervising and data handling functions and is wired to 
the sensors on the exterior.  A novel element in MP3 is 
the use of a fiber optic harness for turbidity and me-
thane measurements - this allows the optoelectronic 
components to be mounted in the benign internal ther-
mal environment of the electronics box. The ocean 
sensors are mounted on a single plate on the bottom of 
the vehicle; topside sensors are mounted to minimize 
vehicle perturbations on airflow.  
 
 
Figure 1.  MP3 block diagram. 
 
ACCL.  MEMS accelerometers and angular rate 
sensors, mounted in the MP3 box, are used to charac-
terize the vehicle motion during descent and on the 
surface. Ocean engineering simulation tools such as 
Orcaflex are used to reconstruct wave height, shape 
and period from these dynamics data.  These sensors 
are also needed, as on ships on Earth, to correct wind 
measurements for vehicle motion.  
TEMP.   Precision space-qualified cryogenic tem-
perature sensors are installed at several locations above 
and below the ‘waterline’ to measure air and sea tem-
peratures. The dense Titan atmosphere keeps the re-
sponse time low. Installation of topside sensors at sev-
eral locations ensures that at least one is on the upwind 
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side of the vehicle.  One sensor is heated to act as a 
backup thermal anemometer.  
PRES.   The barometer subsystem uses pressure 
sensors of the type flown on the Huygens Atmospheric 
Structure Instrument : the sensors are mounted in the 
MP3 box and connect to the exterior via a small vent 
tube.   The pressure history will constrain waves and 
gravitational tides in the atmosphere.  
METH.  Methane humidity (and the presence of 
fog) is measured with a simple 2-channel differential 
absorption spectrophotometer in the near-IR (~1.6m), 
as in terrestrial field instruments. The humidity may be 
a function of local time and fetch, as well as of nearby 
cloud systems and rainfall. 
WIND.  An ultrasonic anemometer, mounted on 
the camera mast to minimize vehicle flow perturba-
tions, measures wind speed and direction. The dense 
Titan atmosphere makes this type of instrument much 
easier to implement than at Mars and recent tests have 
confirmed transducer performance at Titan tempera-
ture. Wind direction measurement is a key navigation 
input at night. High-cadence (10Hz) measurements in 
3D will inform estimates of air:sea fluxes. 
 
 
Figure 2. APL Computational Fluid Dynamics simula-
tion demonstrating minimal vehicle perturbation to 
windspeed at mast-level. (Capsule color denotes tem-
perature, fluid color denotes windspeed). 
 
DIEL. An immersed parallel-plate capacitor (spare 
from Huygens) fills with liquid allowing the real and 
imaginary parts of the dielectric constant to be meas-
ured. This is sensitive to the methane/ethane ratio, and 
to the possible presence of nitriles such as HCN.  
SOSO. A pair of ultrasound transducers (spares 
from Huygens, where they operated successfully in the 
Titan environment) are used to measure the speed of 
sound in the liquid, a function of the methane/ethane 
ratio (minimally affected by trace nitriles : the 
DIEL/SOSO pair therefore are a useful composition 
diagnostic that can be made quickly and often). This 
measurement facilitates interpretation of the SONR. 
SONR.  A down-looking piezoelectric transducer is 
used as a depth-sounder (much like a fishfinder) to 
measure the depth of Titan’s sea.  The echo record will 
also indicate suspended scatterers and the presence of 
bubble or precipitation noise at the sea surface. Acous-
tic propagation models used in terrestrial ocean work at 
APL have been adapted for Titan to model the echo 
profiles from various seabed characteristics with vari-
ous sea temperature and composition profiles. The 
echo from a 500m deep sea (a likely estimate for 
Ligeia, hundreds of km across) will return in about 1 
second.   
TURB.  A visible light beam is passed via optical 
fibers across a gap in the liquid and the direct and scat-
tered intensity is measured to determine the presence of 
absorbing and scattering particles in the liquid, which 
are important determinants in the deposition of solar 
heat with depth and thus on the temperature structure 
of the liquid. The principle is the same as terrestrial 
turbidity meters (or can be thought of as an underwater 
nephelometer).  This measurement complements cam-
era observations of the sea surface under different natu-
ral and artificial illumination conditions.  
 
Measurement Sequence:  A microcontroller trig-
gers sensor operation, selects and compresses data, and 
interfaces with the spacecraft. The low power con-
sumption allows the instrument to run continuously, 
with measurements routinely recorded (e.g. hourly) but 
with occasional higher rate sequences to characterize 
turbulent fluctuations, and with the option to record 
extra data on detection of changes. Measurement sets 
are tagged with an APID (application identifier) which 
allows adaptable downlink, with highest-priority data 
being sent first. 
 
Conclusion:  The TiME mission is presently in 
Phase A : MP3 transducers have undergone qualifica-
tion (e.g. radiation tests, soak tests in liquid ethane, 
operation in liquid nitrogen, etc.) for risk reduction and 
TRL maturation.  If selected for implementation in 
summer 2012, TiME would launch in 2016 to arrive in 
2023.   The modular MP3 instrument architecture is 
intrinsically adaptable and can serve as a framework 
for meteorology or atmospheric structure packages on 
other missions. For the TiME application with ocean 
vehicle dynamics and sonar opportunities, APL’s ex-
pertise in naval systems has been a useful adjunct to its 
space instrumentation capability.   
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Introduction:  A prime goal of both the NASA 
and ESA Mars program over the long term is to search 
for evidence of present or past life. The Mars Science 
Laboratory Mission (MSL) is designed to take a step 
toward this goal by assessing the habitability potential 
of Mars on the floor and the central layered mound 
(Mount Sharp) of the ancient Gale crater [1]. Its inves-
tigation of habitability is focused on 
• an inventory of the chemical building 
blocks of life (C, H, N, O, P, and S) with a 
focus on the search for carbon compounds 
and their characteristics 
• elucidation of the geology and geochemis-
try of the diverse environments in the 
landing site and 
• an exploration of the planetary processes 
that influence habitability such as atmos-
pheric evolution and the chemical cycles 
of water and carbon dioxide 
The three instruments of the Sample Analysis at 
Mars SAM suite [2] are a quadrupole mass spectrome-
ter (QMS), a gas chromatograph (GC), and a tunable 
laser spectrometer (TLS). The instruments are com-
plemented by a gas processing and enrichment system 
and a sample manipulation system (SMS) to process 
material delivered from the Curiosity sample acquisi-
tion and processing system (SA/SPaH). The SAM in-
strument suite is capable of a sensitive search for or-
ganic compounds in Mars soils and rocks utilizing 
thermal and solvent assisted extraction. Inorganic vola-
tiles released utilizing a controlled temperature ramp 
can complement the other Curiosity analysis tech-
niques to establish the mineralogy and chemistry of the 
sampled material. In addition, SAM is capable of a 
variety of isotope measurements with its TLS and 
QMS. The atmospheric measurements will include a 
sensitive search for methane by the SAM TLS. 
SAM Science Goals: An outstanding question for 
ongoing and future exploration of the near surface of 
Mars the presence or absence of organic compounds. 
A variety of environmental factors including ultra-
violet radiation, the presence of oxidants such as hy-
drogen peroxide, and perhaps most significantly the 
destructive effects of cosmic radiation [3] can destroy 
or transform organic compounds. On the other hand, 
burial of organic compounds produced by a variety of 
processes may have protected them from these trans-
formational processes. More recent exhumation of 
these materials by, for example, aeolian erosion of the 
Gale Crater mound may provide insight into chemical 
conditions on ancient Mars. If a sufficient abundance 
of organic compounds are detected by the SAM 
GCMS, their oxidation state, molecular weight distri-
bution, branched vs linear chain characteristics, and 
incorporation of other light elements such as N and S 
will contribute to the study of the source and transfor-
mation history of these compounds. 
 
Figure 1. An artists representation of the Curiosity 
Rover on Mars interrogating a rock. Image JPL. 
 
A definitive determination of the atmospheric mix-
ing ratio of methane and its temporal variation remains 
of considerable interest. Earth-based or orbital meas-
urements have proven to be difficult [4,5] and the re-
ported localization of methane and its depleation over 
shorter periods of time than predicted from photo-
chemical models remains unexplained [6]. Source of 
methane considered [7] include volcanoes, methane 
containing exogenous sources such as comets or mete-
orites, water/rock serpentinization reactions, and bio-
logical methanogenesis. A methane detection by SAM 
and a determination of its isotopic composition and its 
abundance variation with season will provide a starting 
point for a study of the sources and sinks for this sim-
plest hydrocarbon molecule.  
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The release of inorganic volatiles from solid sam-
ples in the evolved gas analysis (EGA) experiment of 
SAM provides information on the chemical state of 
light elements. Examples of the simple volatiles that 
provide this information are CO2, O2, SO2, and H2O. 
CO2, for example, may be produced by thermal de-
composition of carbonates or oxidation of refractory 
organic compounds as the sample is heated, O2 by de-
composition of peroxides, SO2 by decomposition of 
sulfates, and H2O delivered from hydrated minerals. 
The gas release profile with temperature contributes to 
the diagnosis of mineral type and the mission charac-
terization of the geology of the Gale Crater landing 
site. 
The determination by SAM of the isotopic compo-
sition of the noble gases and the light elements C, O, 
H, N, and S will provide a basis for studies of atmos-
pheric evolution and changes in surface conditions 
over geological time. Of particular interest is the com-
position and density of the early atmosphere of Mars 
that might have allowed the presistance of surface 
conditions favorable for emergence and substance of 
microbial life. Records of atmospheric loss processes 
are preserved in these isotopes and the range of iso-
topes measured by SAM will provide an improved 
basis for models of atmospheric evolution. 
SAM Instruments and Subsystems: The SAM in-
strument suite contains contributions from several in-
stitutions. The TLS was developed at the Jet Propul-
sion Laboratory, the GC at the French laboratory 
LATMOS, and the QMS at NASA Goddard. The SMS 
and the wide range pumps (WRP) were provided by 
Honeybee Robotics and Creare Corporation respective-
ly. The development of the gas processing system and 
the integration and calibration of the suite took place at 
Goddard. 
The QMS utilizes a 3-frequency radio frequency 
(RF) and static (DC) voltage control system to provide 
unit mass resolution over a mass range of 2 to 535 Da. 
The pulse counting detector provides a data sample at a 
selected mass value every 20 milli-seconds. An adap-
tive scan mode that rapidly samples the full spectral 
range in a low resolution mode and uses this infor-
mation to select unit m/z values for more frequent 
sampling enables transient chromatographic peaks to 
be sampled with sufficient time resolution for identifi-
cation of eluting species. 
The GC is a 6 column system designed to allow 
compounds with a range of molecular weights and 
polarity to be transmitted. One column will be used at 
a time. Each capillary column up to 30 meters in length 
is wound on a spool approximately 5 cm in diameter. 
Three of the columns incorporate a hydrocarbon trap to 
produce a short injection pulse of compounds into the 
GC. Five of the columns incorporate a thermal conduc-





Figure 2. From top to bottom: SAM in a vibration fix-
ture, the QMS, the TLS, the GC system integrated with 
SAM before the side panels are installed. 
the detection capability of the QMS operated in the 
GCMS mode. 
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The TLS incorporates a 3.3 µm interband cascade laser 
for detection of methane and its 13C isotope and a 2.78 
µm near IR laser for its measurement of the C, O, and 
H isotopes in carbon dioxide and water. Typical preci-
sion is 2-5 per mil for these measurements. 
The SMS incorporates 59 quartz cups, 9 sealed cups 
that contain fluid solvents and chemical reactants for 
derivatization and thermochemolysis of polar com-
pounds, and 6 calibration cups. A sieved solid sample 
from a rock or soil is delivered to the inlet funnel of 
SAM after a protective inlet cover is moved to allow 
access. The inlet funnel is vibrated during sample de-
livery to shake residual powder from the sides of the 
funnel and transfer tube and into the SAM cup that has 
been selected to receive sample. After sample delivery 
the cup containing sample is moved into the SAM ov-
en and sealed for subsequent extraction of volatile el-
ements and compounds. The WRP consists of a turbo-
molecular pump in series with a molecular drag pump 
mounted on the same shaft that spins at 100,000 revo-
lutions per minute. 
SAM flight software makes use of a high level 
scripting language that enables great flexibility in the 
configuration and execution of measurement sequenc-
es. This flexibility is intended to allow the SAM sci-
ence and engineering teams the ability to rapidly re-
spond to discoveries on Mars that require adjustments 
to the measurement sequences. 
SAM Measurement Modes: The following SAM 
measurement modes have been baselined and used to 
estimate SAM resource requirements on Mars. A va-
riety of additional SAM measurement sequences are 
expected to be implemented in response to discoveries 
as the Curiosity Rover explores the floor and central 
mound of Gale Crater.  
The Evolved Gas Analysis Mode utilizes one of the 
59 quartz cups. The cup is first cleaned by heating in 
the SAM oven to ~1000oC. The cup is left in the oven 
until the sample acquired by the drill or the scoop is 
ready for delivery. The cup is then moved from the 
oven to accept the sample and immediately moved 
back into the oven to protect it from residual volatiles 
that might be present in the SMS. The sample is heated 
from ambient to ~1000oC in a helium carrier gas flow. 
The helium flow by itself maintains the manifold at 30 
millibar and as gases are evolved with the temperature 
ramp a small fraction of the gas stream is introduced 
into the mass spectrometer and the full spectral range 
continuously scanned. At preset sample temperature 
points the gas flow is either diverted through the SAM 
hydrocarbon trap or into the TLS. After this initial 
phase of the experiment the gas captured in the TLS is 
analyzed for CH4, H2O, CO2 and the isotopes of C, H, 
and O in these molecules. Subsequently the gas mani-
fold is pressurized to ~1 bar and the GCMS run initiat-
ed with gases thermally released from the SAM trap 
onto the trap in front of the GC column and then into 
the column itself for GCMS analysis. 
The Wet Chemistry Analysis Mode utilizes one of 7 
sealed cups containing N-methyl-N- (tertbutyldime-
thylsilyl) trifluoroacetamide (MTBSTFA) and dime-
thylformamide (DMF) or one of 2 cups containing a 
mixture of tetramethylammonium hydroxide (TMAH) 
and methanol. Sample is introduced into the cup im-
mediately after a foil is punctured by raising the cup 
into a pin. Most of the solvent is vented to space as the 
cup is heated to let the extraction and reactions proceed 
and then a small volume of the remaining vapor is in-
troduced into the SAM manifold and onto the SAM 
trap. The GCMS run is then carried out. 
The Combustion Analysis Mode employs a small 
O2 tank that is attached to the gas manifold. With a 
sample sealed in the SAM oven O2 is introduced and 
the sample heated to a temperature selected by a script 
parameter. The gaseous products are introduced into 
the TLS and the carbon δ13C determined in CO2. 
The Direct Atmospheric Analysis Mode is the sim-
plest to implement. After QMS and TLS background 
measurements have been secured and the temperature 
of the manifold set, gas is introduced into the manifold 
and both QMS and TLS measurements initiated. The 
QMS is scanned in a fractional mode (0.1 Da steps) in 
order to secure improved precision in isotope ratio 
measurements. The integration time of the TLS can be 
set to fit within the available time and energy resources 
predicted to be available from the Curiosity Rover. 
The Atmospheric Enrichment Analysis Mode utiliz-
es scrubbers and getters to remove active species and 
the SAM trap to enrich the trace Kr and Xe isotopes 
after the more abundant noble gases have been meas-
ured and removed from the manifold. Trace noble gas 
measurements will be made in static mass spectrome-
try mode where the WRP is isolated from the QMS by 
closing a valve and sequential volumes of scrubbed gas 
from the manifold introduced into the QMS which is 
pumped only by the chemical getter to remove active 
gas species. Similar separation techniques will be uti-
lized to analyze noble gases released from solid sam-
ples. 
Gale Crater: The selecton of Gale Crater as the 
landing site for the Curiosity Rover followed an exten-
sive study of several dozen sites that had been pro-
posed by participants in several landing site work-
shops. By the time of the final community workshop 
four options of high scientific priority remained – 
Gale, Holden, and Eberswalde Craters and Mawrth 
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Vallis. In each of the craters extensive transformation 
by liquid water is evident with clear features of a delta 
at Ebsrswalde, flood deposits overlying bedrock at 
Holden, and a great diversity of mineral types at 
Mawrth in the nominal landing ellipse. The strato-
graphic diversity revealed in the 5 km high central 
mound (Mount Sharp) of Gale Crater from high spatial 
resolution orbital imaging and spectroscopy [7] should 
provide a rich exploration enviroment for two year 
nominal mission duration and enable an intensive 
study of the multiple processes that might be responsi-
ble for the formation and transformation of these lay-
ers.  
 
Figure 3. The ~154 km diameter Gale Crater is locat-
ed at 5oS, 138oE. Its central mound is ~5 km above the 
crater floor. 
Curiosity Payload and Exploration Approach: 
The MSL landing site and the mound stratographic 
targets were well mapped by the CRISM spectrometer 
and the HIRISE camera on the Mars Reconnaissance 
Orbiter (MRO) prior to landing site selection. After 
selection further MRO observations were implemented 
leading to excellent coverage of the exploration targets 
of Curiosity. On the ground, the local geological con-
text is established with higher fidelity using images 
from the descent camera, the engineering cameras and 
the multispectral color stereo images and movies from 
the Mast Camera (Mastcam) mounted approximately 2 
meters above the ground.  Rocks within a 9 meters of 
the mast-mounted ChemCam instrument [8]  can be 
imaged by this instrument and rapidly interogated us-
ing its laser-induced breakdown spectrometer (LIBS). 
The spectral analysis of emission lines from the ele-
ments in the LIBS plasma reveals information on the 
elemental composition. The combined Mastcam and 
ChemCam observations will be used to select targets 
for further study by the microscope [9] (MAHLI) and 
the elemental analysis experiment (APXS) that are 
located with the drill on the Curiosity arm. Once a 
rock, soil, or ourcrop are analyzed by these instruments 
a decision can be made to ingest some of this sample 
into the mineralogy experiment (CheMin) and/or the 
volatiles analysis experiment (SAM). Environmental 
information on the atmosphere (temperature, winds, 
pressure, humidity, and UV radiation) is secured by the 
Rover Environmental Monitoring Station (REMS) and 
the extent of subsurface H and OH is established by 
the Dynamic Albedo of Neutrons (DAN) experiment 
[10]. The Radiation Assessment Detector (RAD) com-
pletes the payload and enables an assessment of the 
energetic particle flux that will over time transform 
organic compounds. 
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Introduction: In the early and mid 2000's we
proposed a Discovery mission to address lunar science
questions at the large Earthside Crater, Copernicus.  In
order to demonstrate many key capabilities necessary
to conduct our proposed mission, we developed a
prototype robotic vehicle (Figure 1, top) and tested it
in a representative terrain. Our rover mobility
objectives were conventionally considered to be
difficult to achieve: the high level mobility
requirements for the prototype rover were that it must
be able to make 30 cm/sec headway on a 30° slope or
while encountering obstacles (rocks, ledges, etc.) 30
cm high obstructing 30 percent of the path.  These
requirements were derived from our mission
requirements to explore a significant portion of the
floor of Copernicus during the first lunar day of
operations.
Rover design: The rover is a 4-wheel drive 4-
wheel steering vehicle supported by a passive
suspension system. The two halves of the suspension
are connected to the body (which houses the
electronics, motors and batteries) by a differential
mechanism. The roll angle of the body on uneven
terrain is limited by the differential. The differential
also allows all four wheels to continuously maintain
ground contact with relatively even weight
distribution. The 74 cm wheel diameter is very close to
the Apollo Lunar Rover in (Figure 1, bottom). A
ground clearance of 40 cm is achieved through the
combination of the large diameter wheels driven from
a secondary gearbox with an offset axle.
Field testing and Driver Trials: were conducted
at Amboy Crater National Landmark in the Mojave
desert approximately 130 km (80 miles) east of
Barstow CA along the National Historic Highway
(Route 66). The Bureau of Land Management provided
permits for cross-country testing of the rover in areas
adjacent to Landmark facilities. Five days of driver
training through evaluation courses and on longitudinal
traverses accumulated approximately 14 km over
moderately rugged lava flows and smoother alluvial
and eolian infill.  For reference, the 5/25/04 traverse
covered 3.6 km in just under 7 hours (Figure 2),
including waypoint stops representing in-transit
science studies.
The Amboy tests were run using a set of
controlled parameters that permit us to quantitatively
demonstrate to high fidelity the operational
assumptions of our proposed mission. Among the
factors within the experimental matrix were the effects
of image quality (image size and compression factor),
frame rate, and time-delay. Five drivers were evaluated
during initial training (640 X 512 pixel images, JPEG
quality 75, 12 frames per second, no time delay) on
smooth terrain and then under increasingly more
flight-like conditions (we assumed as our normal
mission operations a worst-case 34 m DSN
performance would support 320 X 256 pixels, JPEG
quality 30, 2 fps with a 4 sec time delay).
Approximately one-half of each traverse was
conducted with these parameters. With a peak velocity
of about 100 cm/s, the vehicle averaged 35 cm/sec
during traverses.  Much of the low average velocity
resulted from test-unique conditions (e.g., non-leafing
sagebrush was difficult to see in degraded images until
the vehicle was nearly upon the plant, leading to a
Figure 1: Illustration of relative sizes of Copernicus Field
Test Rover and Lunar Roving Vehicle
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stop-and-go velocity cadence on vegetated portions of
the course that was not representative of unvegetated
areas).  After accounting for these effects, statistical
trends representing the effects of time delay, frame
rate, and image quality on both learning (driver
effectiveness on an unfamiliar terrain) and traversing
(effectiveness on a familiar terrain) were readily
visible in the test data. For a variety of terrain types,
time delay increased traverse time linearly within the
parameter space of realistic time delays (3+ seconds of
two-way light-time plus about 1 second of ground
system delay).  The effect at 4 seconds was
approximately 50% (relative to no time delay).
The impact of time-delays of 6 or more seconds
can be determined from extrapolation of the test data
(0 to 4 seconds of delay). Image quality affected drive
time in a non-linear manner. Provided image size and
compression permitted the drivers to discriminate the
requisite cues, drivers were more efficient at higher
frame rate and lower image quality than at higher
image quality and lower frame rate.  We attribute this
to the ability of the human eye-brain system to fill in
detail from motion and stereoscopic images, as long as
the latency is relatively low.
Autonomy and Teleoperational Comparisons:
During the same year of the lunar rover studies, we
examined mobility factors for autonomous rover
vehicles for Mars under similar field conditions.  In
2007, we took our autonomous test rover to Amboy to
exercise it on the same courses we had used for our
lunar simulations, with the specific intent to quantify
the mobility advantages of teleoperations.  These tests
quantitatively demonstrated the effectiveness of
teleoperations (the distance covered autonomously was
about 400 m in a day, compared to about 4 km under
the control of human operators).  One factor for which
we did not control was the size of the vehicles: the
autonomous rover is substantially smaller than the
teleoperated rover.
Human Factors Results:  The most important
human factors result of the driver evaluation effort was
the demonstration that all drivers were quickly (within
a few hours of starting with no previous training) able
to master the intricacies of maneuvering a remotely-
operated vehicle over rugged terrain under realistic
operational parameters at the maximum speed of the
vehicle. As an aside, it was clear there was a
generational factor as well: younger drivers who had
grown up with video games and joystick controllers
mastered the system much more quickly than the older
test subjects (including the first author), and the
driving of the younger subjects was substantially better
as demonstrated by their average speeds and their
ability to avoid obstacles.  We were able to assess, but
not quantify, the effects of fatigue (both physical and
mental) on traverses, principally because we were
attempting to gain as much driver experience as
possible.  However, recorded traverse speeds do tend
to decrease over long duration traverses. One factor
contributing to the fatigue was need for stereoscopic
viewing.  The driver setup used for this test was
housed in the forward compartment of a recreational
vehicle, darkened with curtains so that the driver could
easily see the polarized stereoscopic images projected
by two video projectors.  As has been recently seen in
commercial, theatrical and home stereoscopy,
considerable eyestrain occurs using these techniques
for extended periods of time.
Conclusions: The original requirements we
placed on the system (30 cm/s forward progress while
encountering 30° slopes, and 30 cm obstacles over
30% of a surface) were met with a simple, robust robot
design.  With plausible Earth-to-lunar surface link
performance, human teleoperations are at least a factor
of 10 more time effective than autonomous operations,
both in terms of distances achieved, speeds at which
those distances are achieved, and the recognition of
and access to scientifically interesting targets.
Operators can be trained quickly and efficiently.
Figure 2: Traverse maps from Amboy Tests.
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Introduction:  The James Webb Space Telescope 
(JWST) is planned for launch in 2018 as the successor 
(not replacement) for the great Hubble Space Tele-
scope. Its four instruments will provide cameras and 
spectrometers over the full range from 0.6 to 28 µm, 
with coronagraphs and capabilities to observe transit-
ing exoplanets. For comparison, the Hubble has about 
1/7 of the collecting area, and covers 0.11 to 1.7 µm. 
Under fine guidance control, JWST can observe targets 
moving at rates up to 0.030 arcsec/sec, which includes 
all the planets outside the orbit of Earth. JWST can 
respond to targets of opportunity within two days, lim-
ited by thinking and data link schedules. JWST can 
observe at angles from 85° to 135° from the Sun; the 
50° field of regard is a fundamental limitation of the 
JWST sunshield that cools the telescope and instru-
ments (see below). The required mission life is 5 years 
of scientific observations, and fuel is provided for 10 
years. 
Scientific Objectives: As for the Hubble Space 
Telescope, observing time will be allocated through a 
proposal process at the Space Telescope Science Insti-
tute, with the first solicitation about a year before 
launch. The initial science case for JWST was outlined 
in the HST and Beyond report [1]. When the JWST 
was being formulated, a Design Reference Mission was 
established to guide the engineering requirements. The 
most challenging technical requirements came from 
cosmology and studies of the outer solar system, be-
cause important targets are extremely faint.  The JWST 
is optimized for wavelengths longer than 1.7 µm, 
where HST is limited by thermal emission and ground-
based telescopes are limited by atmospheric opacity as 
well. JWST’s main requirements are unchanged since 
the prime contract with Northrop Grumman was signed 
in 2002 and the instruments were descoped in early 
2003. 
Observing Solar System Targets: The JWST will 
be a very useful tool for long-term monitoring of plane-
tary and satellite weather and atmospheric constituents, 
for discovery and characterization of outer solar system 
objects, and for examination of individual asteroids 
and comets. The wavelength range of JWST includes 
strong molecular lines of many species, and includes 
the H2 line at 28.3 µm. There are two online white pa-
pers by the JWST science team members about antici-
pated planetary science [2, 3]. Lunine’s JWST town 
hall webinar [4] emphasized these topics:  for KBO’s 
and Dwarf planets, the composition of surface ices and 
volatiles in a wide range of bodies in the trans-
Neptunian region.  For comets, near and mid-infrared 
spectroscopy of cometary volatiles and organics, and 
spectroscopic studies of the new class of icy comets in 
the asteroid belt. For planets and moons, spectroscopy 
and imaging of the Martian atmosphere, imaging and 
spectral characterization of the atmospheres of the out-
er solar system, and monitoring of the Titan methane 
cycle beyond the end of the Cassini mission. 
To estimate the exposure time, there is a prelimi-
nary exposure time calculator at the STScI [5]. Very 
bright objects and some instrument modes are not yet 
fully supported because they require careful adjustment 
of instrument parameters, but all planets outside Earth 
are observable. (The bright planets may not be observ-
able in all instrument modes).     
Mission Design: A summary of the JWST mission 
and its scientific objectives is given by Gardner et al. 
[6]. The JWST will be launched from Kourou in 
French Guiana, by an Ariane 5 rocket provided by 
ESA, to an orbit around the Sun-Earth Lagrange point 
L2. The Ariane 5 now has 50 consecutive successful 
launches. In this orbit, a 5-layer sunshield protects the 
telescope from the heat of the Sun and the Earth, and 
allows it to cool radiatively to about 45 K.  The JWST 
will avoid the L2 point, which is near the end of the 
Earth’s umbra, but will spend time within the geotail 
plasma. Protons from cosmic rays and solar storms 
limit long exposure times but do not seriously degrade 
the scientific detectors.  The JWST is designed without 
expectation of servicing or upgrades, but a robotic mis-
sion could attach itself to the interface ring used by the 
Ariane. 
Observatory Design: The solar array is deployed 
in the first hour after launch, and the sunshield and 
telescope over the first week. The power, command, 
telemetry, orbit maintenance (fuel and jets) and attitude 
control systems (ACS) are all on the warm side of the 
sunshield, while the telescope and instruments are on 
the cold side. The instrument electronics are contained 
in a special compartment on the back of the telescope, 
arranged so that the heat is radiated away from the ob-
servatory.  Pointing control is done by two nested con-
trol loops. Coarse guidance uses conventional star 
trackers and reaction wheels, with occasional firing of 
the small jets to keep reaction wheel speeds within the 
desired range.  Fine guidance is controlled by the ACS, 
based on error signals from the Fine Guidance Sensor 
(a camera in the instrument package). The ACS keeps 
the guide star at its commanded position by rapidly 
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adjusting the position of a Fine Steering Mirror (FSM) 
located at a pupil plane (image of the primary mirror). 
Telescope Design: The telescope is a 6.6 m diame-
ter three-mirror anastigmat with an f/20 beam at the 
instrument package and a small movable flat at the 
image of the primary. The primary mirror is nearly 
parabolic and is composed of 18 beryllium hexagons, 
arranged in 3 rings. The individual hexagons have sur-
face errors of about 25 nm rms. Each segment is pro-
vided with 7 actuators, 6 for rigid-body motion and one 
for radius of curvature adjustment. The secondary mir-
ror is also provided with 6 DoF actuation. All the mir-
rors will be deployed and adjusted to final position 
after launch, using a 10-step procedure proven on a 
1/6-scale model. The fine adjustment uses images taken 
in and out of focus, with a least-squares fitting proce-
dure developed for the Hubble repair. The performance 
is diffraction-limited at 2 µm, with a Strehl ratio of 0.8 
and a wavefront error of 150 nm rms. The image will 
be sharper than HST’s, even at 1 µm wavelength. The 
telescope mirrors are gold-coated for maximum IR 
reflectivity. 
Near IR Camera (NIRCam): The NIRCam is 
produced by the University of Arizona (M. Rieke, PI) 
with a contract to Lockheed Martin. It covers the wave-
length range from 0.6 to 5 µm in two bands, split at 
2.35 µm by a dichroic filter to allow simultaneous ob-
servations at two wavelengths. There are two modules 
for redundancy, which is essential because the 
NIRCam is also the wavefront sensor. Each module 
includes a dual filter wheel with a selection of fixed 
filters.  The short wavelength channel is Nyquist sam-
pled at 2 µm, with 0.032 arcsec pixels, and the long 
wavelength channel pixels are 0.065 arcsec.  These 
provide two 2.2 x 2.2 arcmin adjacent fields. The de-
tectors are Teledyne H2RG HgCdTe in 2048 x 2048 
format, and are also used by the NIRSpec, FGS, and 
NIRISS instruments. The NIRCam detectors are built 
in two flavors, with cutoff wavelengths of 2.5 and 5 
µm. They operate around 40 K, achieved by radiative 
cooling. The instrument sensitivity is limited by the 
background light, predominantly the zodiacal light with 
some contribution from scattered light from the tele-
scope optics. The detectors are controlled and the sig-
nals are amplified and digitized by a custom Teledyne 
cryogenic ASIC operating inches away.  The ASIC 
allows many variations of the operations, including 
rapid readouts of rectangular subarrays, which is essen-
tial for bright targets. A basic coronagraph is provided 
as well, with the ability to place a bright object behind 
a stop. The NIRCam will be useful for exoplanet transit 
studies with its grism, using defocussing to spread out 
the light of bright objects that would otherwise exceed 
the NIRCam brightness limit. 
Near IR Spectrometer (NIRSpec): The NIRSpec 
covers the wavelength range from 0.6 to 5 µm as well, 
with spectral resolutions of 100, 1000, and 2700.  It is 
produced under the leadership of the ESA Project Sci-
entist (P. Jakobsen, until his recent retirement, now P. 
Ferruit) with a contract to Astrium. NIRSpec offers 
fixed slits, a microshutter array, and an integral field 
spectrometer, and includes a grating wheel and a filter 
wheel. The fixed slits include one that is 1.6 arcsec 
square, for use in exoplanet transit spectroscopy. The 
microshutter array has 250,000 apertures that can be 
configured open or closed in any desired pattern; these 
are ideal for spectroscopy of up to 100 compact galax-
ies at a time. The field of view of the microshutter ar-
ray is 3.1 x 3.4 arcmin. The integral field mode uses an 
image slicer to cover a 3 x 3 arcsec field with 0.1 
arcsec resolution. It will be ideal for spectroscopy of 
resolved objects such as planets, satellites, and comets.  
The NIRSpec uses the same 5 µm HgCdTe detectors as 
the long wavelength channel of NIRCam. NIRSpec 
sensitivity is detector-limited for faint objects, but the 
detectors are astonishingly good, with dark currents 
measured in electrons per hour per pixel. 
Mid IR Instrument (MIRI): The MIRI is pro-
duced by a European consortium of 14 institutions, in 
partnership with the Jet Propulsion Laboratory, led by 
G. Wright of the UKATC and G. Rieke of the Univer-
sity of Arizona.  The MIRI covers the wavelength 
range from 5 µm to the detector cutoff around 28.8 µm, 
with imaging over a 1.4 x 1.9 arcmin field, integral 
field spectroscopy, and coronography. The spectral 
resolution ranges from 2250 to 3000, supported by 
filter wheels to select bands, and the image slicer is 
optimized for four bands to cover 3.7 x 3.7 up to 7.1 x 
7.1 arcsec square fields of view. There are corona-
graphic masks, optimized for the four different bands. 
The MIRI will be essential for measuring thermal 
emission of cool objects such as the outer planets and 
KBOs, as well as obtaining spectra of star-forming 
regions, protostars and protoplanets, and high-redshift 
galaxies.  The detectors are Si:As photodetector arrays 
in 1024 x 1024 format from Raytheon, and operate 
below 7 K. The detectors are similar to those flown on 
the Spitzer Space Telescope but in larger arrays and 
with better sensitivity. The imaging sensitivity is lim-
ited by the background light, predominantly zodiacal 
light at λ < 10 µm, but with significant radiation from 
the ~45K telescope and sunshield at longer wave-
lengths. The MIRI is the only actively cooled instru-
ment on JWST, and uses a Northrop Grumman pulse 
tube cooler with heat sinks at 6 K and 18 K. The cooler 
has no consumable materials and is expected to operate 
for the duration of the mission. 
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Near IR Imaging Slitless Spectrometer 
(NIRISS): This instrument is a reconfiguration of the 
planned Tunable Filter Imager, provided by the CSA 
with a contract to COMDEV, and led by R. Doyon of 
the U. de Montreal.  The tunable Fabry-Perot interfer-
ometer is now replaced by three dispersive grisms, with 
almost no other changes to the optics. NIRISS also has 
a sparse aperture mask coronagraphic-type observa-
tions. The detector is the 5 µm HgCdTe type, the field 
of view is 2.2 x 2.2 arcmin, and the spectral resolution 
is 150 or 700. The NIRISS is ideal for wide field 
searches for strong spectral line emitters, such as 
Lyman-α galaxies or comets. The R~700 grism, specif-
ically designed for bright point source spectroscopy, 
will also be a competitive tool for exoplanet transit 
spectroscopy. 
Fine Guidance Sensor (FGS): This is a camera 
with two modules with 2.3 x 2.3 arcmin fields of view 
to enable the JWST to identify star fields and to lock 
onto a guide star for fixed and non-sidereal tracking. It 
is produced by COMDEV as the other part of the CSA 
contribution. It uses unfiltered 5 µm HgCdTe detectors 
to monitor guide stars in the 17th magnitude range. 
There is at least a 95% chance that every proposed 
observing field has a good guide star. The camera uses 
a sub-array mode to read the guide star position 16 
times per second. 
Integration and Test Program: The flight instru-
ments are delivered to GSFC fully tested and calibrat-
ed. They will then be integrated into the ISIM (Inte-
grated Science Instrument Module) at GSFC and tested 
together in cold and vacuum for function, focus, and 
compatibility. Then, the telescope is assembled and 
aligned at GSFC and combined with the ISIM, and 
shipped by air to Johnson Spaceflight Center. At JSC 
the telescope is cooled to flight temperature and focus 
is demonstrated using the flight instruments and exter-
nal autocollimating flats. In addition, the figure of the 
primary mirror is tested using an interferometer at its 
center of curvature. After this test, the telescope and 
instruments are flown to the Northrop Grumman facili-
ty in California and integrated with the spacecraft and 
sunshield, and tested. Finally, the entire observatory is 
transported by ship to the launch site in French Guiana. 
Project Status: The JWST project was reviewed in 
2010 and replanned in 2011, and its FY2012 budget 
was approved by Congress in November of 2011. 
JWST is now one of the top three priorities for NASA.  
Since the replan, the JWST has kept its planned sched-
ule, meeting almost all planned milestones, and im-
proving the schedule reserve for the critical path by 
one month (to a total of 14 months).  Two of the four 
instruments (MIRI and FGS/NIRISS) have already 
been delivered to GSFC, one has been completed 
(NIRSpec) but requires replacement of its cracked op-
tical bench, and the NIRCam modules are in test at 
Lockheed Martin.  Two years ago, the near IR detec-
tors were found to be degrading, but the fault has been 
identified and corrected.  New detectors are in fabrica-
tion.  All of the mirror segments have been polished, 
tested, and coated with gold, and are awaiting replace-
ment of ball bearings in the actuators that failed be-
cause they were not assembled correctly. Progress over 
the past year has been excellent, but the purpose of the 
test program is to find faults with the equipment or 
procedures.  The project schedule and budget include 
reserves for such events, so that the predicted probabil-
ity of meeting budget is 80%, which is much higher 
than NASA standards for prior projects. Congress has 
determined that the allocated budget of $8.0 billion 
(pre-launch) is all that will be provided. 
References: [1] Dressler, A. et al. HST and Beyond 
(lower right corner of page) (2006), AURA/STScI. [2] 
Lunine, J. et al. (2010), JWST Planetary Observations 
within the Solar System, STScI web site. [3] 
Sonneborn, G. et al. (2009), JWST Study of Planetary 
Systems and Solar System Objects, STScI web site. [4] 
Lunine, J., (2011), STScI web site, [5] JWST Exposure 
Time Calculator   [6] Gardner, J., et al., (2006), The 
James Webb Space Telescope, Space Science Reviews 
123, 485-606.  
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Introduction: A mission or missions to Europa 
remains a high priority of NASA and the Decadal Sur-
vey, a mission to Io is a candidate for future New 
Frontiers (NF) missions in the latest Decadal Survey, 
and the Jupiter Icy Moons Explorer (JUICE) has been 
approved by ESA.  The major challenge to exploration 
of the Jupiter system is the intense radiation trapped by 
Jupiter’s magnetosphere [1-3].  Instruments for JUICE 
need to meet their science objectives after 240 krad 
total dose behind 10 mm Al shielding (equivalent to ~2 
Mrad total dose behind 100 mils or 2.54 mm Al), 
whereas the requirement for an Io mission in an in-
clined Jupiter orbit will be closer to 100 krad behind 
100 mils Al [4].  Furthermore, the instruments need to 
return high signal-to-noise ratio (SNR) data; radiation-
induced noise is most severe near Io and Jupiter but 
also significant at Europa and for long-exposure im-
ages of faint targets at the distance of Ganymede.  Note 
that JUICE includes 2 close flybys of Europa.  To meet 
this challenge we are developing a radiation-hard cam-
era (RCam) that can meet the key imaging science 
objectives of these missions.  
The Galileo solid-state imager (SSI) with a virtual 
phase, buried channel CCD detector returned useful 
images even near Io [5-7].  Considerable effort went 
into making SSI radiation-hard, including radiation 
shield of 1 cm Ta and cooling the detector to -110°C.  
However, the readout time of CCDs is inherently slow, 
no less than 8.3 s for SSI, so the transient noise was 
severe and SSI could not have returned useful images 
near closest approach during faster flybys.   
 
RCam Concept: The basic concept of RCam is to 
have a CMOS (Complementary Metal-Oxide Semi-
conductor) focal-plane system (FPS) with a very fast 
readout time to minimize transient noise (and enable 
other capabilities), and a capable Digital Processing 
Unit (DPU) in a more heavily shielded location.  The 
optics must be composed of materials that do not de-
grade in radiation.  The FPS and DPU should meet 
objectives for both wide- and narrow-angle optics. 
The most enabling characteristics of CMOS detec-
tors for these missions are fast readout, flexible imag-
ing modes, low power, and negligible performance 
changes due to total dose effects. The basic CMOS 
pixel array from SRI/Sarnoff has shown excellent per-
formance after 1-2 Mrads total dose [8-11]. However, 
the signal chain used on our proposed 2k x 2k CMOS 
imager had not been tested prior to our Planetary In-
strument Definition and Development project 
(PIDDP).   
 
Radiation-induced Noise: Getting useful images 
during a fast, close flyby of Io or Europa is challenging 
due to the high flux of energetic particles [12].  Each 
energetic particle hit can generate 103 – 104 electrons 
in the detector.  Furthermore, it interacts with the sili-
con in a non-uniform manner, such that rms noise is 
approximated by 35*SQRT(S) where S, the radiation-
induced signal, = M*P where M is the mean total 
charge per radiation interaction and P is the mean 
number of incident particles per pixel [5].  These noise 
levels, even behind 1 cm Ta shielding, dominate other 
noise sources.   
There are two ways to achieve an adequate SNR.  
The first is to collect a high level of signal along with 
many noise hits per pixel, letting the SQRT(S) effect 
slow the increase in rms noise to allow signal to “win 
the race”.  This is what Galileo SSI did near Io and 
Europa, via a CCD with a high full-well capacity and 
relatively long exposure times (~100 ms).   This strat-
egy does not work when closest to Io or Europa in a 
fast flyby, as such long exposures will be smeared un-
less precise target motion compensation is available, 
which would nevertheless strongly limit coverage at 
the highest resolution.  The second way to achieve an 
adequate SNR is to use a combination of shielding, 
very short exposure and readout times to minimize 
noise, and digital Time-Delay Integration (dTDI) 
and/or pixel binning.  The exposure time via a flyby at 
500 km range at 18.5 km/s and 2.5 m/pixel scale is 
0.135 ms, so the readout time (i.e., exposure time to 
radiation) must not be significantly longer than 0.1 ms. 
This is strong motivation for using active pixel sensors 
(i.e, CMOS) rather than CCDs. We use on-chip double 
sampling to eliminate the row-settling time so the pix-
els are read out at 0.025 µs/pixel, 500 times faster than 
Gailieo SSI for the same pixel area.  For Europa flybys 
by JUICE the situation is less severe due to slower 
flyby speeds (~4 km/s) and to ~8x lower flux of >30 
MeV electrons (expected behind 1 cm Ta shielding), 
but high-quality imaging at a few m/pixel from 400 km 
range still requires dTDI and fast read out rates. 
One conclusion from the SNR calculations was that 
for Io flyby observations we need the equivalent of at 
least ~1 cm Ta shielding of the detector to minimize 
transient noise, in spite of the fact that the CMOS de-
tector performance does not degrade significantly fol-
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lowing MRad total dose levels.  With this level of 
shielding, the total dose on the detector is reduced to 
<100 krad for JUICE and <10 krads for IVO.  The total 
dose on spectral filters placed directly over the detec-
tors is also reduced.    
In addition to imaging Io and Europa at the highest 
spatial resolution, we wish to observe very faint emis-
sions, for example of plume and atmospheric gases 
while satellites are in eclipse.   This must be done suf-
ficiently distant from Jupiter’s radiation belts for low 
noise, and thus a very low read noise becomes impor-
tant, which can trade with readout time.  Thus we need 
either more than 1 gain setting, more than 10 bits/pixel, 
or both, to achieve the range of science objectives.  
 
Advantages of Digital TDI (dTDI):  Time-Delay 
Integration (TDI) has been used to greatly improve the 
SNR of orbital remote sensing such as MRO/HiRISE 
[13].  JUICE will orbit Ganymede ~2 times slower 
than MRO orbits Mars and requires 1 m/pixel imaging 
scale (vs. 0.3 m/pixel for HiRISE), but sunlight is 12x 
weaker at Jupiter than at Mars and, due to mass con-
straints, the NAC will have ~10x less primary mirror 
area than HiRISE.  Also, the 200-km orbit of JUICE 
must be near the terminator for thermal reasons, so the 
target is dark.  Thus TDI is needed to get high-SNR 
and high-resolution images in Ganymede orbit.  How-
ever, on-chip TDI requires CCD technology (or com-
bined CMOS-CCD) and is highly vulnerable to charge-
transfer efficiency (CTE) degradation in the Jupiter 
radiation environment [6].  On-chip TDI also requires 
that the signal have a greater residence time on the 
FPS, subject to noise from transient radiation, and 
more complicated FPE electronics, susceptible to Sin-
gle Event Effects (SEE).  On-chip TDI also places 
tight pointing, slew, and stability requirements on the 
S/C: the target must pass directly down the TDI col-
umn or the image is smeared.  
We can have the benefits of TDI without the many 
difficulties by using dTDI, enabled by the fast and 
pixel-specific readout of CMOS detectors.   The basic 
concept is to read and transfer many lines over a target 
as it moves through the FOV, then sum the data in the 
DPU.  The disadvantage of dTDI is that each line con-
tributes read noise, but CMOS read noise is now as 
low as 2 e- via the processes we will utilize [10].  Not 
only does this approach make TDI possible in the in-
tense radiation of Jupiter, it enables a series of other 
capabilities:  
1. On-board super-resolution (SR).  SR processing 
on the ground requires that large data volumes are re-
turned, and is very difficult or impossible with on-chip 
TDI.   
2.  The target can move though the FOV at any an-
gle, greatly simplifying operations and requirements on 
spacecraft pointing.   The angle must be known and the 
DPU commanded to shift each line before summing.  
If the DPU has a capable processor then it can corre-
late lines and shift them to compensate for unknown 
slew angles and pointing jitter.   
4. The FPS can image as a framing array when the 
S/C is staring or slewing at a slow rate relative to the 
exposure time, and can use a high frame rate for high 
time resolution of dynamic phenomena such as plumes 
on Io.   
5. For very faint targets every line in the array can 
be added, achieving extremely high sensitivity.   
6. An algorithm can be used to remove some radia-
tion noise spikes prior to summing dTDI lines [14].   
 
Digital Processing Unit (DPU):  The DPU must 
supply power, do pipeline image processing, and serve 
as the S/C interface.   The pipeline processing must 
enable us to create a variety of image types: 
1. Stereo dTDI (wide-angle optics):  target moving 
rapidly through the FOV, return lines from top and 
bottom of the array at a rate that matches the move-
ment for dTDI.   
2. Color dTDI:  If there are filter stripes laid on the 
detector, then selected colors are read out to sum each 
color in the DPU.    
3. Framing image:  S/C pointing and staring at a 
target, return desired subset of pixels at whatever rate 
is needed for a good exposure time and time resolution 
for observing dynamic phenomena.    
4. Super-resolution via dTDI:  Target moves di-
agonally through the FOV, oversample downtrack by 
N (acquire N lines in the time the target moves 1 line), 
and resample each row by N in the DPU before sum-
ming.  Number of pixels increased by N2, but can be 
subsequently binned to reduce data volume (with little 
loss of resolution).  Example: use N=4, bin 2x.    
5. Faint target dTDI (eclipse or nightside observa-
tions looking for auroral phenomena, Na cloud, torus, 
search for new moons, rings):  Target moving through 
FOV, return up to 2000 lines to add in the DPU.  
 
The DPU will also (optionally) compress the data, 
first via a set of stored Look-Up Tables (LUTs) to 
convert data to 8 or 10 bits/pixel, then via a fast wave-
lets compression algorithm.  The DPU needs to process 
data at ~50 Mb/s or faster. 
The FPS and DPU are designed to work with both 
wide- and narrow-angle optics, to meet the full range 
of science requirements.  With CMOS there are no 
CTE worries so the detector cooling requirement of 
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CCDs in high-radiation environments [Klaasen et al., 
1984; 1997] can be relaxed.  
The DPU is derived from previous APL DPUs, 
such as MRO CRISM [15] and LORRI support elec-
tronics, and with more capable FPGAs for implemen-
tation of dTDI and memory-efficient wavelet compres-
sion algorithms [16]. 
 
CMOS Minimal Arrays: As the name implies, the 
Minimal Array is stripped of many commercial CMOS 
features leaving only raw pixels, row and column ad-
dress decoders, mux switches and pixel clock drivers 
[17]. The architecture is specifically designed for fun-
damental characterization and design/process optimi-
zation for a variety of scientific imaging applications. 
True X-Y random access pixel addressing is provided 
by two "passive" 9-bit to 512 decoders. Each array row 
includes pixel clock drivers that are adjusted externally 
by the user for optimum clocking performance. The 
Minimal Array is designed for thinning and backside 
illumination by employing ground contacts within each 
pixel and generous p+ regions for the on-chip logic 
functions. Deep n-well technology is used to isolate 
logic elements from the substrate to guard against high 
resistivity silicon latch up problems and help provide 
substrate bias for deep depletion performance. Three 
transistor (3T) and 4T, 5T and 6T pixel Minimal Ar-
rays have been fabricated at MOSIS / Taiwan Semi-
conductor Manufacturing Company Ltd. and Jazz 
Semiconductor with excellent performance results. 
Much more detail about the Minimal Array and related 
performance is discussed in [8-11, 15]. 
Figure 1 shows the sub-electron noise signal chain 
contained in each column of an imager, similar to the 
design expected for RCam.  Signal from the pixel can 
be amplified by a low noise pre-amp which offers dif-
ferent gain settings (2, 3, 4, 8 V/V) or the circuitry can 
be completely circumvented for unity gain operation 
by externally commanding the 2:1 transmission switch 
shown.  A second 1:2 transmission switch can take 
pixel video directly to an output buffer (dCDS signal 
processing uses this channel).  The same switch can 
also direct video into the aCDS processor which in-
cludes a clamp and dual sample and hold circuitry.  
The dual sampler eliminates row settling time by al-
lowing the user to process a row of pixels while a sub-
sequent row is encoded by an off-chip ADC (single 
sampling can be employed if desired). The aCDS cir-
cuits are designed to support a 2 V output pixel signal 
swing and the MUX can be scanned up to 20 MHz for 
fast encoding purposes by an off-chip ADC (ideally by 
14 and 16 bit ADCs).   
 
Radiation Testing:  Radiation testing had previ-
ously been performed on the Minimal Array by several 
groups including JPL, with significant focus on Eu-
ropa’s radiation requirements [12].  Test results dem-
onstrate the Sarnoff CMOS imager is tolerant to Eu-
ropa’s projected radiaton environment (approximately 
2 Mrad (Si)).   
As part of a PIDDP grant further radiation tests 
were completed on a set of devices including the 
Sandbox V array and signal chain, and the MISR 4-
filter set (spares).  Radiation included the JPL Dynami-
tron 2 MeV high-energy electron source.  Also, we 
arranged with the Loma Linda University & Medical 
Center to apply 100 krad 63 MeV protons.   The elec-
tron data is most relevant to Jupiter and represents new 






Preliminary results from 100 Krads at 2 MeV were 
described in [11]. CMOS radiation hardness results 
shown in Figs. 100-106 of that paper are impressive 
when compared to a CCD also irradiated with high-
energy electrons. For example, Fig. 107 presents Fe-55 
responses for a 512(H) x 1024(V) frame transfer CCD 
before and after irradiation to only 3 krds of 10 MeV 
electrons. Vertical CTE degradation falls from 0.99999 
to 0.99959 as a result of bulk silicon damage.  Al-
though silicon lattice damage is taking place for both 
CMOS and CCD, CTE performance for the CMOS 
Minimal Array is maintained since only a single clock 
pulse is required to transfer charge as opposed to 4 x 
1024 transfers for the CCD. In addition, the gate oxide 
is considerably thicker for the CCD imager resulting in 
significant flat-band shift compared to the CMOS pix-
els and on-chip circuitry.  An image and photon trans-
fer curve for the Minimal Array after 10 Mrd of high 
energy electrons is shown in Fig. 2. 
The most important PIDDP test was irradiating the 
Signal Chain Minimal with high energy (2 MeV) elec-
trons.  A photon transfer response after 1 Mrd total 
dose is shown in Figure 2 along with the baseline re-
sponse (no irradiation) in Figure 3. Other results in-
clude (1) very little leakage related to the clamp and 
handle and hold circuits (Figure 4),  (2) very little flat-
band shift (not measurable),  (3)  no change in pixel SF 
read noise, 4). for all practical purposes high CTE per-
formance was maintained, (5) some silicon dark cur-
rent increased as expected and (6) system offset 
change slightly but this was also expected (this can be 
readily controlled by camera electronics). In other 
words, the Signal Chain Minimal shows no major ill 
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effects after the 1 Mrd dose.   The device also holds up 
well to 100krd of 63 MeV protons--very little change 
is observed (other than dark current increase). 
 
Figure 1: Design of signal chain for RCam.   
 
 
Figure 2: CMOS performance is excellent even after 10 















Figure 3: Photon Transfer curves for signal chain minimal, 
baseline (no irradiation, top) and after 1 Mrad dose of 2 MeV 







290 LPI Contribution No. 1683
 
Figure 4: Sample hold and cap leakage tests.  Required 
clamp and sample hold times are on the order of a few ms 
when encoding a row of pixels.  The hold times measured 
above are much longer than this and therefore the change is 
not concerning.    The radiation difference is due to a leakage 
current increase after irradiation that discharges the signal on 
the clamp and hold capacitors.   Exposing to light also dis-
charges the caps.  
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Introduction:  Submillimeter-wave spectroscopic in-
struments rely on heterodyne receivers for detection 
and for providing high spectral resolution.  A notional 
heterodyne receiver block diagram is shown in Figure 
1.  The incoming radio frequency (RF) signal from the 
telescope is mixed with an on-board generated local 
oscillator (LO) signal and the beat signal generated at 
much lower frequencies is processed for data.  All in-
formation in the incoming signal is present in the beat 
signal.   
     Submillimeter-wave heterodyne techniques have 
proven useful for measuring trace constituent abun-
dances and physical properties under all climate condi-
tions, including dust clouds.  The strong submillimeter 
transitions of polar molecules permit detection of nu-
merous trace species at parts per trillion to parts per 
billion sensitivity. As an emission measurement, ob-
servations are carried out continuously in a passive 
mode without the need for any time restrictive event 
such as a solar occultation. At these wavelengths, a 
moderate-sized antenna (30 cm effective) can yield 
high-spatial resolution measurements, while ultrahigh 
spectral resolution (λ/Δλ= 3x106) provides clear line 
separation and well-defined line profiles. The capabili-
ties of microwave observations to retrieve atmospheric 
parameters have been widely demonstrated for both 
Earth and Mars. Among numerous examples, the Mi-
crowave Limb Sounder (MLS) on the Upper Atmos-
phere Research Satellite (UARS) and the EOS Aura 
[1] spacecraft demonstrate the value of microwave 
limb sounding for trace constituent detection and wind 
[2]. Ground-based and Earth-orbit observations have 
monitored the behavior of the Mars climate for years. 
For example, the Submillimeter Wave Astronomy Sat-
ellite used the rotational transition of H2O (557 GHz) 
and 13CO (551 GHz) to derive the temperature struc-
ture and altitude distribution of water vapor on Mars 
[3]. More observations of the planetary atmosphere are 
forthcoming from the recently launched  Herschel 
Space Observatory.     
     Submillimeter-wave spectrometry also allows for 
observations in the limb and nadir modes. Viewing 
molecular emission against the cold background sky 
towards the limb provides the highest sensitivity for 
detection and vertical profiling. Because thermal emis-
sion is linearly proportional to temperature, a few de-
grees of uncertainty in assumed or derived atmospheric 
temperature introduces only a small error (~1%) in 
retrieved abundance. For abundant species (e.g., H2O, 
CO), nadir observations also are useful since single 
nadir measurements provide abundance and tempera-
ture profiles with a horizontal resolution much better 
than at the limb and yields higher sensitivity nearest 
the surface. Nadir retrieval is possible when the gas  
emission/absorption is visible against a colder/warmer 
background – either a surface or an underlying optical-
ly thick gas layer (relatively typical conditions). 
 
Recent Technological Advances:  The key technolo-
gy relevant to submillimeter-wave instrument perfor-
mance is the detector technology.  GaAs Schottky di-
odes that have been specifically designed for 
submillimeter-wave operation provide the nonlinearity 
both for mixing as well as for providing the local oscil-
lator signal.  This is the technology that was utilized on 
the Heterodyne Instrument for the Far-Infrared (HIFI) 
on the Herschel Space Observatory.  Planetary spec-
trometry done with HIFI is tantalizing, including direct 
detection of water vapor in Saturn’s rings [4], oxygen 
on Mars [5] and high resolution spectra of Titan [6].  A 
500-600 GHz mixer chip designed and built at JPL is 
shown in Figure 2.  This chip can be scaled (this term 
is used loosely here, each device needs to be designed 
with rigourous 3-D electromagnetic and nonlinear 
harmonic balance simulations) to work at different 
frequencies.  The 500-600 GHz band is of importance 
due to the strong water molecular line around 557 
GHz.  The main advantage to GaAs Schottky diodes is 
that they do not rquire cryogenic cooling (though per-
Figure 1: Conceptual block diagram for a two-channel hetero-
dyne receiver.  Radiometric calibration is accomplished via the 
flip mirror and the two (hot/cold) calibration loads. 
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formance improves as the devices are cooled to 120K).  
Table 1 presents the expected performance from GaAs 
based Schottky diodes working in three different fre-
quency bands.  As can be see <1K resolutions can be 
obtained with increased integration time.  An instru-
ment can be further optimized for sensitivity, spectral 
and spatial resolution based on the science objectives 
of the given mission. 
     A second detector technology worth mentioning is 
InP based HEMT devices as active detectors.  Until a 
few years ago the highest frequency working transis-
tors was around 300  GHz.  However, recently working 
transistors with gain have been demonstrated up to 670 
GHz with active research programs pushing this to 1 
THz.  The use of active devices for detection provides 
some significant advances.  Firstly, the devices can 
provide gain, reducing losses associated with front-
ends; secondly, these devices can be optimized for 
passively cooled temperatures where they gain signifi-
cantly in performance; and finally other elements of 
the receivers, such as the LO and control circuity can 
be designed on the same wafer providing for future 
highly integrated front-ends having reduced volume 
and mass.   
 
Future Prospects:  Submm instruments are versatile 
and can be applied to disparate environments in which 
emission features are saturated as well as barely 
measureable.  Water, and other strong emitters, are 
known to be trace components of the Martian and 
Titanian atmospheres. The high sensitivity of 
submillimeter spectrometry to these emission features 
is enough to; (1) trace molecular origins and chemistry 
through isotopologue ratios (2) determine wind speeds 
(3) determine vertical profiles or column densities. 
Exospheres, such as those in the Enceladus, Europa 
and Ganymede systems (EEGs), have water as a bulk 
component and trace organic and inorganic compo-
nents. The radiometric sensitivity will be sufficient to 
detect column abundances of 1011 molecules/cm2. This 
is sufficient to characterize sputtering and sublimation 
regions discussed by [7].  Weaker water isotopologue 
signals will be important gauges for the optical depth.  
The high spectral resolution of the ballistic profiles 
will also reveal the nature of the ballistic velocities 
(winds) in detail.  Due to the large bandwidth vs. reso-
lution, and the common origin of rotational spectra, the 
discovery potential of an orbiting submillimeter spec-
trometer is tremendous.  EEGs ice can be studied 
through bulk and trace gas measurements of the ballis-
tic exosphere. Rheological models indicate that the 
surface composition will change if the ice layer is bro-
ken or fractured, and flows of upwelled material will 
contain clues to the subsurface composition.  Thus, the 
presence of a super-compact Submm instrument at 
these objects will enable surface science. 
     In the last decade the underlying technology for 
submillimeter-wave instruments has seen a resurgence.  
Consequently, while instruments like Microwave In-
strument for the Rosetta Orbiter (MIRO) and MLS 
were detecting only a few lines, future missions will 
utilize tunable local oscillator sources, much like the 
HIFI instrument.  Electronically tunable sources make 
it possible to detect a number of different molecules, 
tremendously increasing science output and allowing 
the instruments to detect several species of interest. 
Taking advantage of the recent technological advances 
an orbiter for Mars was recently proposed.  A single 
channel receiver with a tunable LO will allow such an 
instrument to measure a number of atmospheric trace 
gases as depicted in Table 2. In addition to the trace 
gas detectivility the versatitiy of such an instrument is 
demonstrated by its ability to make temporal maps, 
measure wind velocities (down to <10m/s with appro-
 
Figure 2: GaAs Schottky diode MMIC.  A subharmonic mixer 
chip is shown packaged inside a waveguide block.  For reference 
the LO waveguide is approximately 0.5 mm. 
 Band 1 Band 2 Band 
3 




Tsys DSB, K 2500 4000 6000 
Delta T, K (B=300kHz, 
t= 1 hr) 
0.15 0.24 0.36 
Delta T, K  
(B=300kHz,t=1 min) 
1.2 1.9 2.8 
Angular resolution, 
mrad 
7 4 2 
Spatial resolution (at 
limb), km 
14 8 4 
Table 1: Calculated sensitivities for various frequency bands. 
A 30 cm primary and a 2000 km distance to the target is 
assumed. 
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priate optimization), probe winds within dust storms, 
providing unique insights into the atmospheric impact 
of dust storms; measure the lower branch of the global 
Hadley cell circulation within the boundary layer, 
providing direct measurements of circulation patterns 
and thus allowing calculation of the transport of water 
as it sublimates off the polar cap.  
     The conceptual Mars instrument design is an ultra-
high resolution spectrometer (λ/Δλ=3 x 106) covering 
the range (530-590 GHz), tunable during science oper-
ations with a 1.5 GHz instantaneous bandwidth. Verti-
cal profiles are obtained using an articulated antenna. 
The current best estimates for mass and power are 19 
kg and 73 W, respectively, without reserves. The pre-
liminary design includes only flight-qualified technol-
ogy with all components presently at TRL 6 or higher. 
The design draws upon earlier flight designs of the 
Microwave Limb Sounder on UARS and EOS, MIRO, 
and HIFI. The proposed instrument is shown in Figure 
3. 
     Another submm-wave instrument currently being 
considered by funding agencies is the Submillimeter-
wave Instrument (SWI) on the JUpiter ICy moon Ex-
plorer (JUICE) mission [8].   This instrument will con-
sist of two submillimeter wave heterodyne receivers in 
frequency bands around 550 GHz and 1250 GHz (con-
figuration similar to Figure 1). Each band will contain 
a broadband continuum detector and a very high-
resolution real-time spectrum analysis unit. The pro-
posal will be submitted from a  consortium led by Dr. 
Paul Hartogh as the Principal Investigator.  Contribu-
tions from Germany, France, Sweden, United States, 
Switzerland, and Japan are expected.  
     The two broadband continuum channels are suitable 
for measuring subsurface temperatures of the Jovian 
satellites; the two very high resolution spectrometers 
are well suited for studying composition, temperature, 
and velocities in the Jovian stratosphere, and the at-
mospheres and exospheres of the Galilean satellites.  
The primary science goals of SWI are to explore the 
Ganymede, Europa and Callisto (Habitable Zones) and 
to Explore the Jupiter system as an acrchetype for gas 
giants. The GaAs Schottky diode mixers will be pas-
sively cooled to provide enhanced sensitivities. Two-
dimensional articulation of the primary will allow for 
nadir as well as limb profiling. 
 
Summary:  Tunable LO systems provide enhanced 
versatility to submm instruments for planetary explora-
tion.  A compact submm instrument can provide high 
spectral resolution spectrometry, temporal mapping, 
measurements of wind velocity and determination of 
energy transport on planetary bodies. 
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Trace gas  capability Import 
H2O 1* C 
CO <1* C 
O3 1.5* C 
H2O2 <1* C 
HO2 18 C 
N2O 36 B 
H2CO 4 A, B, C 
NH3 6 A, B 
HCN 1 E 
H2S 42 A, B 
OCS 61 A, B 
SO2 8 A 
Table 2. Nominal Mars submm-wave instrument trace gas 
detection sensitivities (25 measurements) (pptv) (*Precision 
units ‰ per    measurement) (Import: Abiogenic, Biogenic, 
Chemistry, Exogenous material). 
  
Figure 3: A submm spectroscopic instrument design specifi-
cally customized for accommodation on the 2016 ExoMars 
orbiter. For scale, the diameter of the primary reflector is 30 
cm  
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Lunar laser ranging (LLR) has been a workhorse 
for testing general relativity over the past four decades 
as well as dramatically increasing our understanding of 
Earth and Moon geophysics, geodesy, and dynamics 
[1].  The three retroreflector arrays put on the Moon by 
the Apollo astronauts and the French built arrays on 
the Soviet Lunokhod rovers continue to be useful tar-
gets, and have provided the most stringent tests of the 
Strong Equivalence Principle and the time variation of 
Newton's gravitational constant.  The relatively new 
ranging system at the Apache Point 3.5 meter telescope 
now routinely makes millimeter level range measure-
ments to these reflectors [2].   
The precision of the range measurements has his-
torically been limited by the ground station capabili-
ties. With now routine millimeter level precision at 
Apache Point, future measurements are likely to be 
limited by errors associated with the Apollo retrore-
flectors. In addition, the clustering of the lunar arrays 
and similar latitudes of the available lunar ranging sta-
tions weakens our ability to precisely measure the lu-
nar librations [3].  
New retroreflectors placed at locations far from the 
Apollo sites (such as a pole or limb) would enable the 
study of additional effects, particularly those that rely 
on the measurement of the lunar librations. In addition, 
more advanced retroreflectors are now available that 
will reduce some of the systematic errors associated 
with using the current arrays, resulting in more precise 
range measurements. Retroreflectors are extremely 
robust, do not require power, and last for decades.  
This longevity is important for studying long-term 
effects such as a possible time variation in the gravita-
tional constant.  New retroreflectors with higher cross-
sections would also enable more laser ranging stations 
to be used for lunar measurements. 
Active laser transponders are also under develop-
ment that can provide a strong enough signal to enable 
the use of existing satellite laser ranging stations to 
make frequent range measurements.  An active laser 
ranging system may be a simple laser transponder or a 
full optical communication system with ranging capa-
bility. An active system is advantageous over a retrore-
flector in that the amount of light returned to an Earth 
ground station goes as the inverse of the distance 
squared rather than the inverse of the distance to the 
fourth power.  This stronger signal will enable the use 
of many of the more than 40 existing satellite laser 
ranging stations to make nearly continuous range 
measurements, even during the daytime.  This type of 
system could also be adapted for use on Mars and oth-
er planetary bodies where an active laser ranging sys-
tem may be the only way to exceed the current meter 
level precision. 
We report here on the ongoing laser ranging devel-
opment efforts at Goddard Space Flight Center as part 
of the NASA Lunar Science Institute’s LUNAR team.  
At the heart of this effort is the development of next 
generation lunar retroreflectors.  The recently complet-
ed LUNAR open cube assembly and testing facility is 
currently being used to design, assemble, and test 
large-scale open cube corners. Investigations into vari-
ous bonding techniques, including the hydroxide bond-
ing technique developed for Gravity Probe B, are un-
derway and producing promising results.  We are also 
investigating mirror coatings for the cubes that have 
dust mitigation properties. 
We also report on potential options for active laser 
ranging systems.  A number of systems are under de-
velopment at Goddard Space Flight Center including 
asynchronous laser transponders and laser communica-
tion terminals with ranging capabilities.  Finally, we 
describe the current and future plans for the worldwide 
satellite laser ranging network and discuss its potential 
contribution to lunar laser ranging. 
 
[1] S. M. Merkowitz, “Tests of Gravity Using Lu-
nar Laser Ranging,” Living Rev. Relativity 13,  
(2010). 
[2] T. W. Murphy et al., Publ. Astron. Soc. Pac. 
120, 20 (2008). 
[3] S. M. Merkowitz et al., Int. J. Mod. Phys. D 16, 
2151 (2007). 
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Molecular Compositions.  G. P. Miller
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Introduction:  We report on the development of a third-
generation, small, rugged, high-resolution, high mass range, 
time-of-flight mass spectrometer utilizing a folded ion opti-
cal path. The instrument is suitable for the investigation of 
the elemental, isotopic and molecular compositions of plane-
tary and cometary atmospheres, exospheres, ionospheres and 
the regolith. The instrument is fitted with a high sensitivity 
electron impact storage source with high duty cycle produc-
ing classical electron impact mass spectra. Data obtained 
from the early prototype instrument originally proposed for 
the Mars Science Laboratory [1] was used to experimentally 
show the concept of folding the ion optics as a feasible 
means to minimize the length, volume and mass of the sen-
sor. We further show that high resolution can be achieved 
while maintaining a small instrument form factor easily ac-
commodated on a spacecraft or lander deck. In conjunction 
to the ion optical development, we have developed flight-like 
gas enrichment system to allow for the precise measurement 
of noble gas isotopes and methane. A specially designed two-
stage time-of-flight detector is employed to handle the large 
dynamic range of measurements expected as well as a 10 bit 
high speed 3 gigasample per-second analog to digital con-
verter for data acquisition. Some measured data from these 
instruments is shown including data acquired after interfac-
ing to a gas chromatograph. Also presented are alternate 
folded path instrument geometries being studied having po-
tentially smaller footprint for missions where mass and vol-
ume are at a premium. 
 
 
Figure 1 Second and third generation ruggedized multi-
pass high-resolution time-of-flight mass spectrometer. 
This instrument is constructed out of titanium and ceram-
ic allowing it to be baked at high temperature. The main 
structure of the instrument has been shaken up to 12 grms.  
 
Figure 2 Simulated stable off-axis trapped ions paths be-
tween the mirrors are shown on the top along with the 
potential distributions along the length of one of the ion 
mirrors on the bottom. 
 
 
Instrument Description:  The multi-pass time-of-flight 
instrument consists of two gridless ion mirrors (reflectrons) 
in a coaxial arrangement separated by a field-free drift region 
(Fig. 2).  The ion source is at one end and the detector on the 
opposite end. The coaxial arrangement does not require the 
use of deflection optics that would result in loss of resolution 
and added complexity, nor are grids employed to define the 
deceleration and reflex sections of the mirrors that would 
result in unacceptable transmission losses at the grid wires 
after multiple ion passes.  
The spectrometer may be operated in linear mode (nominal 
mass resolution) or variable resolution (multi-pass mode). 
The former mode of operation is used to generate survey 
spectra while the later is employed for high mass resolution 
measurements to address potential mass interferences. 
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 In operation, ions are injected in short bunches (typically a 
few nanoseconds wide) by the application a fast rise-time 
(about 5 ns) high voltage pulse to the extractor applied for 
typically between two or three microseconds in duration. A 
short, two-stage acceleration region defines the location of 
the first time focus and focusing elements within the ion 
source define the extent of the beam diameter. The extraction 
pulse defines the start of the time-of-flight measurement that 
ends when ions are registered at the detector. Ion 
mass/charge (M/q) is then given by the equation M/q = 
2Uot
2L-2, where Uo is the energy of the ions entering the 
spectrometer (defined by the extraction voltage pulse), L is 
the ion path length, and t is the measured time-of-flight.  
For ion injection into the coaxial mirrors, the voltage on the 
first ion mirror end plate is momentarily lowered below the 
extraction potential allowing the ion bunch to pass through 
the plate while the potential on the end plate of the second 
mirror is kept high. After a predefined time (typically 3-6 
microseconds), the voltage is raised to trap the ions between 
the two mirrors. Ions trapped in the mirrors are allowed to 
execute the necessary number of laps to reach the required 
time dispersion of the mass ions of interest. After the prede-
fined time for mass separation, the potential is dropped on 
the end plate of the second mirror allowing the ions to pass 
into the detector that registers their time-of-flight. 
  If while executing multiple passes the ion bunch does not 
disperse in time while being trapped within the mirrors, the 
resolution will increase in proportion to the length that the 
ions travel within the mass analyzer according to the relation: 
 M/M = t/2t = 2-3/2 (L/t)(M/Uo)1/2 
Where; L is the distance that the ions have traveled, M is 
their mass, t is the time-of-flight as measured at the detector 
and Uo is their energy. 
Because resolution depends on the ratio of ion path length to 
TOF peak width, very high resolution is theoretically possi-
ble if L/t can be made large, either by lengthening the ion 
path or shortening the mass peak width, or both. Lengthening 
the path can be accomplished either by making the spectrom-
eter longer, which increases resource usage (i.e. pumping, 
mass), or by folding the ion flight path back on itself which 
forms the basis of our design.  Decreasing the width t of the 
ion packet below a few nanoseconds in time is limited by a 
number of factors too difficult to overcome in practice using 
gaseous ion sources, current state-of-the art high speed elec-
tronics and detector technology. 
Ion Storage Source:  Since most of the sensitivity origi-
nates with the efficiency of the ion source, we have designed 
and constructed a high sensitivity storage ion source based 
on the work of R. Grix et al. [2]. The ion source is designed 
to ionize, store and pulse ions out for mass analysis at repeti-
tion rates up to 10 kHz with up to 1x105 ions per extraction. 
The ionization is accomplished across a long ionization path 
length where the formed ions are trapped in a shallow poten-
tial well created by the space charge of the ionizing electron 
beam [Fig. 3.]. The high duty cycle improvement of the mass 
spectrometer comes from the fact that after extraction and 
during mass analysis, the time between extractions is not 
wasted but rather used to ionize and store ions in the poten-
tial well for the next extraction event. This ion accumulation 
(storage) between extractions results in high duty cycle and 
enhancement in sensitivity needed for precise measurement 
of low abundance species. 
  
 
Figure 3 Calculated electron beam source potential de-
pression. Ions are stored in this well between ion extrac-
tions. 
 
Results:  Shown below are some examples of the perfor-
mance of the mass spectrometer in both linear and multi-pass 
mode of operation using gas leaks and a gas chromatograph 
interfaced via a heated transfer line. They demonstrate the 
high mass resolution measurement of various mass doublets 
of interest that require higher than nominal mass resolution 
to separate and quantify and isotope abundance measure-
ments free of interfering mass peak tails 
 
 
Figure 4 Spectra taken with high dynamic range 
TOF detector in linear mode using background gas. 
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Figure 5 Linear-mode spectra shown in the lower trace in 
red for a mixture of compounds of interest. Inset boxes 
are spectra at high mass resolution (multi-bounce mode) 
for mass doublets of interest. 
 
 
Figure 6 Example of a very high resolution mass 
spectrum acquired at mass 18 after nearly a milli-





Figure 7 Resolving methane from oxygen (nominal mass 
16) from background water after several passes through 
the analyzer. 
 
Figure 8 Gas chromatograph (total ion current) and mass 
spectra of a three-component hydrocarbon mix acquired 
at a 10 kHz extraction rate. Spectral skew normally seen 
on scanning-type mass spectrometers when peaks elute 
from the column is not observed in a TOF mass spectrom-
eter.    
 
Conclusions:  We have demonstrated that high 
resolution and sensitivity can be attained with a small 
mass spectrometer having a folded ion optical path. 
Combined with a highly efficient electron impact (EI) 
storage ion source, the instrument generates classical 
EI mass spectra for the determination of elemental, 
isotopic and molecular compositions. 
 
References: 
 [1.] Waite, J. H., E. Chassefiere, R. Dissly, R. Sacks, B. 
Block, S. Scherer, D. Young, G. Miller, D. Nicks, J.-J. 
Berthelier, A. Jambon, P. Beauchamp, A. Croonquist, The 
Mars Analytical Chemistry Experiment, Proceedings of the 
IEEE (0-7803-8155-6/04), 2004. 
[2.] R. Grix, U. Grüner, G. Li, H. Stroh, H. Wollnik, An 
electron impact storage ion source for time-of- flight mass 
spectrometers, International Journal of Mass Spectrometry 
and Ion Processes, Volume 93, Issue 3, 10 October 1989, 
Pages 323-330, ISSN 0168-1176, 10.1016/0168-
1176(89)80121-1. 
299International Workshop on Instrumentation for Planetary Missions
PRIDE – Passive Radio Ice Depth Experiment - An Instrument to Measure Outer Planet Lunar Ice Depths 
from Orbit using Neutrinos T. Miller1, R. Schaefer1, and H B. Sequeira1    1Johns Hopkins University Applied 




We describe a concept for an instrument to meas-
ure the thickness of the ice shell on a planetary body 
such as Jupiter’s moon Europa. Unlike a high powered 
and massive device such as an ice-penetrating radar, 
the described instrument is a passive receiver of a natu-
rally occurring signal generated by interactions of deep 
penetrating cosmic ray neutrinos. We discuss the basic 
 concept and consider the instrument design require-
ments from the perspective of a NASA Outer  Planet 
Orbiter Mission. We show results of simulations, com-
pare signal-to-noise estimates, and examine possible 
components and configurations for the antenna, receiv-
er, and electronics. We  note some options that can be 
used to reduce mass and power. Finally, we present a 
list of issues that would need further study to produce a 
more concrete design.  
In scientific research, difficult problems can occa-
sionally benefit from combining results derived from 
seemingly unrelated areas. In the case at hand we ex-
plore how results from the world of high energy cos-
mic rays could potentially help solve a difficult meas-
urement problem in planetary geology.  Europa, one of 
the Galilean moons of Jupiter, is believed to be cov-
ered with an ice shell of unknown thickness, likely 
ranging from a few kilometers to tens of kilometers.  
Indirect measurements imply that under the ice is an 
ocean, which is warmed by tidal and volcanic heating, 
and is thought to be one of the best locations for life to 
have formed in the solar system outside of Earth.  It is 
therefore of high scientific priority to gain a better un-
derstanding of the geology and structure of Europa by 
measuring the ice shell thickness. The question is then:  
“How can we best probe ice that is tens of km thick 
given the stringent mass and power requirements of a 
Europan explorer satellite?”   
The work described here and in [1] was performed 
to determine whether the preceding measurement ques-
tion could be answered with a reasonable instrument 
built to use the Extreme High Energy (EHE) cosmic 
ray neutrino signal to extract the ice depth on a plane-
tary-sized body.  All aspects of the instrument design 
are covered – the expected signal, the detector configu-
ration, the sampling electronics, etc.  Our expectation 
was that we would encounter a “show-stopper” that 
would make this instrument untenable, but to our sur-
prise we did not find any obvious major shortcomings.  
We present here the overall concept and suggest ways 
PRIDE (Passive Radio [frequency] Ice Depth Experi-
ment) could be realized.  We begin with an examina-
tion of the expected neutrino signal, then look at an-
tenna/detector characteristics, move on to detector con-
figuration, and end with a discussion of the signal 
sampling electronics.  Lastly, we present conclusions 




Figure 1. Illustration of the PRIDE concept.  A 
high energy cosmic ray neutrino penetrates the ice at a 
grazing angle.  The neutrino initiates a shower of sec-
ondary charged particles that emit a conical pulse of 
Cerenkov radiation that can be detected at satellite 
altitude.  The distributions of the characteristics of 
detected pulses will indicate the thickness of the ice 
layer. 
 
The basic idea, illustrated in Figure 1, is to use ra-
dio receiver technology to detect cosmic ray neutrinos 
passing through the ice and generating Cerenkov radio 
pulses.  Typically ice is probed with radar to determine 
its thickness.  However, at depths of greater than 10 
km  the power required may be beyond the capacity of 
an outer planet mission.  Other indirect methods, such 
as gravity and magnetic field measurements, can be 
employed to narrow the depth to a range of tens of km, 
but cannot be expected to provide more precision.  
Fortunately, nature already provides particles that pen-
etrate deep into the ice and produce signals that can be 
harvested from a low orbit sensor and possibly used to 
accurately determine the thickness of the ice at depths 
of up to tens of km. EHE (> 1018 eV) cosmic ray neu-
trinos are produced from the interaction of cosmic ray 
protons with cosmic background radiation [2], and can 
penetrate deep into the ice and interact with nuclei to 
produce a particle shower.  The detection sequence 
begins with a neutrino penetrating through the ice 
sheet at a grazing angle and interacting within the ice 
to produce secondary charged high energy particles, 
which go on to interact and produce additional parti-
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cles, eventually leading to a shower of charged parti-
cles moving through the ice for several meters before 
ranging out.  The shower of particles will develop a net 
negative charge due to electrons from the ice being 
scattered into the shower.  The entire shower, which 
moves faster than the speed of light within ice, will 
produce Cerenkov radiation at wavelengths greater 
than its physical size.  For the given conditions, the 
resulting spectrum of emitted radiation peaks at ~0.2 to 
2 GHz, and can be detected from orbit through radio 
transparent media.  At typical Europan temperatures of 
~100K, pure ice has attenuation lengths of tens of km 
or more.  The depth of the ice sheet can then be deter-
mined from the rate, direction and magnitude of the 
received signals.  This concept is useful because the 
remote sensor is passive – and does not require the 
power, weight, or large self-deploying antenna of ice-
penetrating radar, as illustrated in Table 1. This tech-
nology has already been demonstrated on Antarctic 
long duration balloon flights [3].   
A Monte Carlo simulation of the detection process 
was developed to examine basic ice depth resolution 
capabilities.  An example is presented in Figure 2, 
which shows the simulated event rate vs. ice sheet 
thickness for a satellite orbiting Europa.  The overall 
event rate is strongly dependent upon ice sheet thick-
ness, indicating that PRIDE may have the potential to 
resolve thickness to great depth, which would add val-





Figure 2. Events/year detected vs. ice sheet depth, 
assuming a Waxman-Bahcall normalized E-2 spectrum.  
Depths up to tens of km can be measured if the incident 
neutrino flux is known. 
 
The NASA flagship mission concept provided the 
initial inspiration for us to consider the described tech-
nology [4], which was first presented in the context of 
planet-sized detectors for astrophysical neutrinos and 
cosmic rays in [5].  Shoji et al. [6] have also examined 
this concept, presenting results of  a Monte Carlo 
simulation of event rate vs. ice depth up to 8 km.  The 
present work extends the earlier efforts by presenting 
results for angular distribution of detected events, as-
suming possibly deeper and clearer ice, including 
higher energy events, and analyzing and presenting 
potential hardware and electronics concepts for the 
detector itself.  While we were motivated by the prob-
lem of Europan ice, we anticipate this approach could 
be applied to any icy planetary body, e.g., Jupiter’s 
other ice-covered moon Ganymede or possibly Sat-
urn’s Enceladus.   
 




ing Radar PRIDE 
Dimen-
sions (m) 
10 by 3 by 2 
array 
-  0.3 by 0.2 by 0.7 horn 
antennas (3 to 8) 
-  0.25 by 0.25 by 0.25 
(600 MHz tripoles) 
Mass (kg) ~10 5-10 for horn antenna array 

















No moving parts.  Anten-
nas placed at open loca-
tions on spacecraft body. 
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Introduction:  We have, under NASA’s Planetary 
Instrument Definition and Development Program 
(PIDDP), developed an energetic ion sensor that 
measures ion energy and composition, and covers 2π 
steradians without an articulation mechanism (the best 
that may reasonably be achieved from a body-mounted 
sensor). Two such sensors, mounted on opposite sides 
of a spacecraft, can provide full 4π steradian coverage. 
The sensor will measure the angular distribution of 
ions with better than 22.5 degree resolution, and with 
sufficient ion mass resolution to separately character-
ize hydrogen, 3He, 4He, C, N, O, neon, argon, and iron 
over an energy range of 50 keV to 2 MeV for protons, 
160 keV to > 10 MeV for oxygen, as well as separating 
3He and 4He from 80 keV to 6 MeV.  Separation of 
carbon, nitrogen and oxygen from one another should 
be possible between about 0.3 and 10 MeV. There are 
no new technology development issues in this design--
each of the required components is simple, the timing 
requirements are high, but no more stringent than oth-
ers we have built to even as long ago as AMPTE. 
However, the design is mechanically somewhat com-
plex, and has been developed to a high precision 
breadboard level including energetic helium test re-
sults. Based on its shape, we refer to this design as the 
“mushroom” (Figure 1).  An individual wedge is 




Figure 1.  Eight independent wedges comprise the full 
2π steradian FOV instrument.  The small, beige but-
tons are collimators consisting of hemispheres pierced 
by strategically located holes. 
 
Figure 2.  A cross-section of an individual wedge.  It 
shows distribution of voltages that control the second-
ary electrons used for TOF Start and Stop pulses, as 
well as schematically the intended trajectories of those 
electrons (Start—green, Stop—black with red stripes).  
The light green volume is at an equipotential, defined 
by the sensor walls and strategically placed high trans-
parency grids.  Modeled trajectories of the Start and 
Stop electrons are overlaid. The electron trajectories 
from each Start entrance foil as well as the Stop foil 
must strike the imaging MCP in unique, non-
overlapping spots to properly identify the ion trajectory 
and TOF.  The ion trajectories (blue) all converge at 
the common SSD that records the energies of all the 
ions entering the wedge. 
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A 3D FIELD-OF-VIEW TOROIDAL SPACE PLASMA ANALYZER WITH HIGH TEMPORAL 
RESOLUTION.  X. Morel, J.-D. Techer, and M. Berthomier, Laboratoire de Physique des Plasmas (4 Avenue de 




Introduction: A new 3D field-of-view toroidal space 
plasma analyzer based on an innovative optical concept 
allows the coverage of 4π str solid angle with only two 
sensor heads. It fits the need of all-sky thermal plasma 
measurements on three-axis stabilized spacecraft which 
are the most commonly used platforms for planetary 
missions. The 3D plasma analyzer also takes advantage 
of the new possibilities offered by the development of 
an ultra low-power multi-channel charge sensitive am-
plifier used for the imaging detector of the instrument. 
 
Planetary missions have always suffered in the past by 
the lack of comprehensive plasma measurements due to 
the intrinsic 2D field-of-view of most plasma instru-
ments. On three-axis stabilized spacecraft, scanners do 
not provide the high-temporal resolution needed to 
analyze many plasma physics phenomena like magnetic 
reconnection or particle acceleration at the various 
boundaries encountered in these complex environ-
ments. Adding electrostatic deflection to existing de-
signs does not guarantee to reach the typical 30keV 
energy target. Therefore there is a clear need to devel-
op a truly 3D field-of-view plasma analyzer that would 
help understanding planetary environments. 
 
The 3D plasma analyzer concept uses toroidal elec-
trodes which are concentrically piled up. Polarization 
of the optics is achieved through the use of high per-
formance plastics for the electrodes. The selective met-
allization of the plastics allows the differential polari-
zation of the two sides of the electrodes. Moreover, the 
use of plastics to machine the electrodes significantly 
decreases the mass of the optic that is only ~1kg. The 
volume of the 3D analyzer corresponds to a 25cm di-









Figure 1 : Field-of-view for two possible implementa-
tion options 
 
The model that has been developed by LPP is com-
posed of eight electrodes. The geometrical parameters 
of the optics have been optimized in order to efficiently 
reject UV photons by multiple reflections on black-
coatened surfaces. The instrument has 168 entrance 
windows: they cover 7 polar channels which are divid-
ed into 24 azimuthal sectors. The plasma analyzer co-
vers energies varying from a few eV up to about 
30keV. The energy bandwidth is channel dependent: it 
varies from 9% to 5%. The azimuthal acceptance is 10° 
for the first fourth polar channels and increases from 
14° to 18° for the last three channels. The polar ac-
ceptance decreases regularly from 6° for the first polar 
channel to 4° for the last one. The total geometrical 
factor of two sensor head reaches ~0.02cm².str.eV/eV. 
This means that two sensor heads can provide high-
time resolution (faster than 100ms) 3D measurements 
of most planetary (and terrestrial) environments. 
 
The absence of electrostatic deflector at the entrance of 
the analyzer allows this instrument to be less power 
consuming than existing designs which have to sweep 
high-voltages at fast rate in order to cover 4π str solid 
angle. This new optical concept is also associated with 
a 168 pixels imaging anode that is coupled to a set of 
Micro-Channel Plates. The detector takes advantage of 
the development of a hard-rad low-power multi-
channel charge sensitive amplifier that has been de-
signed by LPP in the context of the Electron Analyzer 
Sensor of the Solar Orbiter mission. The Applied Spe-
cific Integrated Circuit (ASIC) consists of charge sensi-
tive amplifiers and discriminators that work in the 
range of 8fC to 2pC with a pulse pair resolution below 
100ns allowing a 10MHz periodic counting rate. The 
16-channels ASIC only takes 20mW of power which is 
the power budget of single channel hybrid components 
with similar performances. Each channel can be inde-
pendently configured through a 10-bit DAC which sets 
the detection threshold of the discriminator. This com-
ponent does not exhibit any performance degradation 
up to 300kRad and it is immune to Single Event 




The 3D plasma analyzer prototype developed at LPP 
will be flight tested with the forthcoming ICI-4 rocket 
mission that will be launched in December 2013 from 
Svalbard (Norway) in order to investigate polar cusp 
irregularities. 
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Introduction  
 Orbital geomorphological and compositional meas-
urements have enabled investigation of the geologic 
history of Mars and assessment of the scientific merits, 
context, and safety of potential sites for landed inves-
tigation [1,2]. Two key lessons from the evolution of 
compositional mapping of Mars have been (a) that 
improvements in spatial resolution from kilometers to 
tens-of-meters and less enable identification and un-
derstanding of the geologic setting of a wide array of 
minerals that indicate past wet environments, and (b) 
that once minerals are identified, mapping their spatial 
distribution and understanding their geologic setting 
can be accomplished with a reduced number of wave-
lengths. Here we describe an approach whereby an 
orbital imager can leverage these lessons to provide 
spatial resolution several times better than that of 
MRO/CRISM with adequate wavelength coverage, 
and without large growth in system mass. 
Evolution of Mars Compositional Mapping 
 Over the the last two decades a series of four orbital 
mineralogical mapping investigations of Mars has 
revolutionized understanding of how hydrological and 
other processes have shaped the surface, and they have 
driven an ongoing exploration program that includes 
landed assets focused on the search for ancient habita-
ble environments [3,4]. Currently the highest-
resolution orbital compositional measurements, by the 
Mars Reconnaissance Orbiter’s Compact Reconnais-
sance Imaging Spectrometer for Mars (MRO/CRISM) 
[5], are at 18 m/pixel. Each improvement in spatial 
resolution has led to a dramatic increase in the number 
and variety of mineral phases identified (Table 1) 
[6,7]. Furthermore, increased resolution provides 
greatly improved geologic context to constrain the 
processes that led to formation of deposits having 
mineralogic evidence for water [8,9,10] (Fig. 1). How-
ever, even with CRISM, remote compositional imag-
ing is limited by spatial resolution: analyses using a 
new enhanced resolution "oversampled" mode [11,12] 
demonstrate that even a factor of 2-3 improvement 
shows previously undetected exposures and structure 
within known outcrops (Fig. 2). Such data have be-
come key to planning rover traverses [11]. 
 Contiguous, hyperspectral data are critical to mak-
ing initial identifications of the mineral phases present 
on the Martian surface. However once recognized, these 
phases are routinely mapping using a handful of wave-
lengths at key inflections or absorptions in mineral spec-
tra [13]. For example variations in ferric mineral abun-
dance in Fig. 1c are mapped using only 5 discrete wave-
lengths. 
Approaches to Improving Spatial Resolution 
 One approach to improving the spatial resolution of 
compositional measurements is for compositional map-
ping to be accompanied by very high resolution color 
imaging, that allows spectral variations to be extrapolat-
ed to smaller spatial scales. It is partly with this objective 
that MRO's CRISM and High Resolution Imaging Sci-
ence Experiment (HiRISE) [14] take their coordinated 
measurements. HiRISE has 3 broad color channels cov-
ering the extended visible wavelength range; color imag-
es are typically acquired with 2-4-times reduced resolu-
tion, still 15 times better than CRISM. The limitation to 
this approach is that the visible wavelength range con-
veys mineralogic information mainly on Fe-bearing 
phases, whereas coverage of the near-infrared is required 
to detect other minerals of interest including many car-
bonates, sulfates, silica, and phyllosilicates (Fig. 3).  
 An alternative is to image throughout visible and in-
frared wavelengths to detect minerals directly. For 
CRISM, measuring ~100,000 photons per pixel is typi-
cal, yielding a signal-to-noise ratio (SNR) ~250 in the 
absence of additional noise sources. >40,000 photons are 
needed for SNR approaching 200, to support mapping of 
weak mineral absorptions. To improve spatial resolution 
while maintaining adequate SNR, key trades are effi-
ciency of the system, spectral bandpass, and aperture 
size. Improved sampling to ~2 m/pixel, while retaining 
adequate SNR and keeping the instrument to a managea-
ble size, can be achieved by switching from an imaging 
spectrometer design to a multispectral camera design 
with fewer optical losses and wider bandpasses. Image 
motion compensation by actively tracking a target on the 
surface, as CRISM does, allows sufficiently long expo-
sure times to balance the small solid angle measured and 
collect enough photons for high SNR. Coverage of 
CRISM's wavelength range at resolution approaching 
that of HiRISE color merges imaging and compositional 
mapping, and can become an enabling measurement to 
further unravel the geology of Mars and to select the best 
sites for future robotic and human exploration. 
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Table 1. Brief timeline of compositional mapping investigations of Mars, showing how improvements in spatial resolu-
tion have led to an almost exponential increase in the number of phases identified. 
 λ, µm Sampling, km/pixel Minerals Reported [6,7] 
TES 6-50 3-6 Olivine, pyroxene, feldspar, hematite 
THEMIS 7-15 0.1 Same as TES (+quartz, chloride) 
OMEGA 0.4-5.1 0.3-1 Same as TES –feldspar (+poly-, monohydrated sulfates, gypsum, 3 types phyllosilicate) 
CRISM 0.4-3.9 0.018 Same as OMEGA (+4 more sulfates, 2 types carbonate, opal, zeolite, 5 more phyllosilicates) 
 
TES, 6 km/pixel OMEGA, 0.7 km/pixel CRISM, 0.018 km/pixel 
 
(a) Map of gray hematite [8] low on 
slopes of layered deposits in Candor 
Chasma. 
(b) Crystalline hematite [9] is 
now resolved as accumula-
tions at the base of slopes. 
(c) Crystalline hematite [green] and nanophase ferric 
oxide (red) (10) are traceable to yellow layers, and 
accumulate in the green braided channel fill and fan.  
Figure 1. Comparison of the geologic setting of crystalline hematite determined from data with different spatial reso-
lutions, shown using spectral indices. High spatial resolution is needed to understand geologic context. 
 
a  b  
Figure 2. Processing of oversampled CRISM observations enables effective spatial sampling to be improved to ~6 
m/pixel. In "normal" 18 m/pixel observations, hydrated minerals had not been detected in the rim of Victoria Crater 
where the Mars Exploration Rover Opportunity detected jarosite and hydrated sulfate. (a) Improved spatial resolution 
reveals a previously undetected "fresher" exposure associated with Freedom Crater on the southeast rim. (b) A re-
trieved spectrum of single-scattering albedos indicates the presence of hydrated sulfate.  
 
Requirements and Conceptual Design  
 Science objectives for the next generation of com-
positional mapping include: 1) Mapping mineralogic 
structure of deposits that preserve evidence for wet 
and potentially habitable environments; 2) Searching 
for and characterizing extant brines or methane seeps 
on the surface; 3) Determining compositional stratig-
raphy of the crust; 4) Characterizing volatiles and vol-
atile processes in the polar regions; 5) Collecting cli-
matological measurements of dust and ice aerosols; 
and 6) Characterizing potential resources to support 
future human exploration. The objectives translate into 
requirements for spatial resolution of meters, and wave-
length coverage of key absorptions due to mafic miner-
als, carbonates, sulfates, silica, phyllosilicates, and ices.  
 The High-Resolution Compositional imager (HRC) 
meets these requirements using a framing camera design 
with a filter wheel assembly having bandpasses at inflec-
tions or absorptions diagnostic of key minerals, but wide 
enough for sufficient SNR at high spatial resolution. 
Simulations performed by convolving actual CRISM 
data into a smaller number of ~50-nm bandpasses show 
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that 12 or more spectral filters can measure the shapes 
and map the occurrences of a variety of ferric and fer-
rous phases, hydroxylated minerals, hydrated sulfates, 
carbonates, and H2O and CO2 ices (Figs. 4-5). A pixel 
scale of 2 m (5 µrad) with a field of view of 4x4 km 
can be achieved in a 400 km orbit using optics derived 
from the New Horizons Long-Range Reconnaissance 
Imager (LORRI), equipped with a 2048x2048 
HgCdTe array. Modeling indicates that a CRISM-
derived radiator can cool the detector sufficiently for 
high-SNR imaging to 2.5 µm. Ground motion com-
pensation to limit smear and achieve SNR>200:1 is 
implemented by gimbaling along-track using hardware 
and control algorithms adapted from CRISM. A stand-
ard sequence acquires images in all filters, plus addi-
tional frames before and after for stereo to allow regis-
tration of color images onto a terrain model derived 
from a stereo pair having the same illumination. The 
gimbaling capability also allows measurements of the 
surface at a variety of path lengths ("emission phase 
functions" [15]) to support retrieval of dust and ice 
opacities. The estimated mass of the system including 
support electronics and contingency, at ~34 kg, is 
about that of CRISM. 
Relevance to Future Robotic Missions 
 Over the next decades, one or more landed missions 
may collect samples from key Martian environments 
for Earth return. High-resolution compositional data 
will enhance site selection for sample return by quali-
fying sites additional to the 6-7 reference sites identi-
fied so far, and by supporting traverse planning at the 
selected locations. New detections of aqueous miner-
als in enhanced-resolution CRISM images imply that 
there may be additional sites, not yet recognized, that 
combine both high-priority igneous and sedimentary 
materials identifiable with a high-resolution composi-
tional imager within a safe landing ellipse.  
 
 
Figure 3. CAD rendering of HRC showing key features. 
 
 
Figure 4. Spectra from a variety of CRISM images (left) 
convolved to show how key mineral phases would be 
discriminated using 12 bandpasses (right). 
 
 
Figure 5. (a) CRISM visible wave-
lengths show variations in Fe miner-
alogy (image FTR00003E12). (b) 12 
50-nm multispectral bands con-
volved from CRISM data distinguish 
key minerals (clay – pink, carbonate 
– green, olivine – blue, basalt – red). 
(c) A HiRISE color image approxi-
mates spatial resolution of the HRC 
(HiRISE image PSP_002888_2025). 
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Introduction:  Planetary exploration has matured 
to the point where sample collection and/or sample 
return is the focal point for mission proposals and Mars 
Sample Return (MSR) and a 2018 launch is the highest 
priority large Flagship missions for the decade 2013-
2022 [1]. The recent Report of the Workshops at LPI, 
June 12‐14, 2012 confirms support for cored samples 
for in-situ analysis and a future sample return mission 
[2] Significant scientific time and effort has been 
placed against creating the largest scientific benefit 
from such a mission. The need for a reliable, failsafe 
means of acquiring sufficiently sized rock core and soil 
samples using minimal resources is the key obstacle 
that needs to be addressed.    
We present a mechanically simplified, low tech-
nical risk system for acquiring and caching rock core 
and regolith samples and performing other scientific 
tasks.  The flexibility to perform multiple tasks without 
additional motors or mechanisms is a key development. 
 
Drill:  Several rock coring drills have been devel-
oped at Bear Technologies.  They have the capability 
of drilling core samples with a diameter of between 
10mm and 10.15mm with a length ranging from 80mm 
to 105mm.  See Photo 1.  Common to all of these drills 
is the the unique placement and motion of the four ac-
tuators within the drill that extends the capabilities of 
the mechanism beyond core drilling.  The benefits of 
this architecture are, 1) Heat generation is reduced,  2) 
Lower risk of core damage, 3) Increase core length 
capabilities, 4) the arrangement and motions of the 




Photo 1: 10.15mm diameter x80mm long coring drill. 
 
 
Within the drill bit are two concentric tubes.  The 
inner most tube is the Collet Tube.  Just outside the 
Collet Tube is the Ground Tube.  The Collet Tube is 
slotted and shaped at the drill bit end which creates 
several fingers (much like any collet used in machin-
ing).  This method of breaking a core sample from the 
base rock is simple and effective.  The Collet Tube is 
driven upward with respect to the Ground Tube which 
causes the collet fingers to grip and at the same time 
pull on the core sample.  This pulling action (tension) 
takes advantage of rocks poor tensile strength and frac-
tures the core from the base rock.  During our Phase 1 
and Phase 2 research, we drilled over 75 cores and had 
successfully broken the core from the base rock each 
time.  See Fig.1 and 2.    
Using one of the actuators “Home” switches, the 
breaking of a core from the base rock can be verified 
before additional action takes place further reducing 
risk.  This verification process was successfully 
demonstrated during our Phase 2 research. 
 
 
Fig. 1: Cross section of un-broken core. 
 
 
Fig. 2: Cross section of broken core and crimped sample 
tube. 
 
Key Technical Feature: The innovation employs a 
drill tube design in the vicinity of the core that does not 
impose any loads on the core and does not rotate rela-
tive to the core.  This technique actually envelopes and 
protects the core as it is generated. One of the key fea-
tures of this mechanism is that as the core is being 
drilled, the Collet Tube and Ground Tube do not ro-
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acts as a sleeve that supports and protects the core dur-
ing drilling.  This protective sleeve will help to prevent 
premature core breakage. Additionally, since the com-
ponents closest to the core are not spinning, there is 
much less abrasion against the core which reduces heat 
generation and clogging debris.  This clogging debris 
could prematurely break the core and, has been shown 
in other drill designs, to cause the core to prematurely 
break and become stuck in the drill.  
This new technology represents advancement over 
previous work that has been used in the “Mini-corer” 
and similar drills [3]. The advantages are, 1) fewer 
moving parts.  Mini-corer has 18 gear meshes during 
drilling and core break-off whereas this new technique 
has one gear mesh.  This simplified approach offers 
greater drilling efficiency, simplification and reduced 
volume.  2)  The tube closest to the core does not ro-
tate; Mini-corer does. Non-rotating tubes closest to the 
core offers reduced heat generation, less risk of prema-
ture core breaking and jamming.  3) All tubes remain 
co-axial before and after breaking the core.  This 
alignment allows for other tools to be held as a local 
ground so that other motors can be used as a power 
take-off, such as the surface removal bit (described 
below).  Mini-corer becomes mis-aligned during break-
off.    
 
Increased capabilities: The design allows for 
sample tubes to be introduced into the Collet Tube so 
that a core sample is deposited directly into the sample 
tube rather than it having to be ejected from the drill 
and into a sample tube.  These sample tubes can be 
gripped, inserted, held and ejected from the drill using 
the actuators already employed within the drill for oth-
er purposes.  This reduces risk by minimizing hard-
ware, handling motions and contamination of the sam-
ple. 
 Furthermore, the tube arrangement and motions al-
lows for other tools/bits to be rigidly and concentrically 
held by the drill so that other tasks can be executed.  
For example, the drill can firmly grip and manipulate a 
Surface Removal Bit without the need for additional 
motors to power the attachment.  Motors already em-
ployed by the drill for other purposes can be used to 
provide the motions needed to remove the surface of 
rocks.  The drill can also grip and manipulate soil sam-
pling tubes that can be pushed into the soil for soil col-
lection without the need for additional motors.   
 
 
 Photo 2: 105mm long cores taken from various rocks 
 
Complete Coring and Caching Design for Drill 
We present a complete coring and caching design to 
operate with the drill.  The system would include sev-
eral drill bits and a cache system to store the contained 
samples and retrieve sample tubes for further drilling 
events.  These items are outlined below. 
 
Coring Bit: The coring bits are autonomously at-
tached and detached to/from the drill.  A passive bit 
holder (no actuators) holds each drill bit rigidly in 
place. 
 
 Surface Removal Bit:  This bit removes the sur-
face of rock much the same way as the Rock Abrasion 
Tool (RAT) did on MER [4].  However, the rock re-
moval process uses a machining rather than grinding 
process.  This results in much more efficient removal 
action.  It attaches to the drill just like a coring bit does 
and uses the motors already in the drill for removing 
the rock surface (no additional actuators).   
 
Sample Tubes:   When a sample tube (See photo 
3) is placed within the drill and a core has been gener-
ated, the collet fingers will crimp the sample tube while 
gripping, pulling and breaking the core sample within 
it.    The inner surface of the collet fingers has an in-
ward projecting “V” shaped feature.  The “V” shaped 
feature crimps the sample tube in a way that prevents 
the core sample from falling out of the sample tube.   
See photo 4 and 5. 
 
 
Photo 3:  Prototype Sample Tube 
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   Photo 5: Breadboard test of crimped sample tube 
 
Cache:  Our approach uses the cache as the means 
of storing the sample tubes and sealing each of the 
sample tubes before and after filling.  See fig 3.  The 
cache has seals integrated into each sample tube loca-
tion.  See fig 4.  The sample tubes can be sterilized pre-
launch and kept clean all the way to landing and use.   
Cross contamination is reduced as well.  In this way, 
there is no need for cap feeders and additional motor-
ized mechanisms to place the caps onto the sample 
tubes.  Furthermore, because the sample tubes are 
stored within the cache, there is no need for a sample 
tube storage device prior to filling each sample tube.  
This saves volume, weight and represents a lower 
complexity and risk.   Coring can also take place with-
out inserting a sample tube into the drill.  This method 
would be useful for inspecting a (sacrificial) core prior 
to committing to using a sample tube.   
 
          
                       Fig 3: Iso view of Cache  
 
             Fig. 4:  Cross section of Cache   
 
Conclusions: The NRT drill technology has 
achieved significant results during Phase 2 research 
and the technology is a viable option for future plane-
tary sample missions.  The reduced component coring 
and caching architecture is ideal for smaller platforms 
and reduces risk and cost.  
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Introduction:  Geothermal heat flow is obtained as 
a product of the geothermal gradient and the thermal 
conductivity of the vertical soil/rock/regolith interval 
penetrated by the instrument. On the Apollo 15 and 17 
missions, the astronauts drilled holes, 1- to 2.5-m deep, 
in obtaining the first and only heat flow dataset on an 
extraterrestrial body [1]. Heat flow measurements are a 
high priority for the geophysical network missions to 
the Moon recommended by the latest Decadal Survey 
[2] and previously the International Lunar Network 
[3]. The two robotic lunar-landing missions planned 
later this decade by JAXA [4] and ESA [5] also con-
sider geothermal measurements a priority.  
One of the difficulties associated with lunar heat 
flow measurement on a robotic mission is that it re-
quires excavation of a relatively deep (~3 m) hole in 
order to avoid the long-term temporal changes in lunar 
surface thermal environment affecting the subsurface 
temperature measurements [3]. Such changes may be 
due to the 18.6-year-cylcle lunar precession [6, 7], or 
may be initiated by presence of the lander itself [8]. 
Therefore, a key science requirement for heat flow 
instruments for future lunar missions is to penetrate 3 
m into the regolith and to measure both thermal gradi-
ent and thermal conductivity. Engineering require-
ments are that the instrument itself has minimal impact 
on the subsurface thermal regime and that it must be a 
low-mass and low-power system like any other science 
instrumentation on planetary landers.  It would be very 
difficult to meet the engineering requirements, if the 
instrument utilizes a long (> 3 m) probe driven into the 
ground by a rotary or percussive drill. 
Here we report progress in our efforts to develop a 
new, compact lunar heat flow instrumentation that 
meets all of these science and engineering require-
ments. 
The Pneumatic Excavation System: The recently 
developed pneumatic excavation system [9] can large-
ly meet the low-power, low-mass, and the depth re-
quirements. The excavation system utilizes a stem 
which winds out of a reel and pushes its conical tip 
into the regolith. Simultaneously, gas jets, emitted 
from the cone tip, loosen and blow away the soil (Fig. 
1). In its current design, the stem is primarily made of 
glass fiber for its mechanical strength and relatively 
low thermal conductivity.  Helium gas is used for the 
jet, because it is commonly available for planetary 
landers in pressurizing the propellant tank.  Lab tests 
using an earlier model in a vacuum chamber have 
shown that only 8 g of He gas is required for excavat-
ing 0.6 m in 22 seconds [10]. The near-vacuum envi-
ronment of the lunar surface maximizes the mechanical 




Figure 1: Top: A conceptual drawing of the proposed 
heat flow instrumentation attached to a leg of a lunar 
lander.  Bottom: More detailed schematics of the major 
components of the heat flow system. 
 
The In-situ Thermal Conductivity Probe At-
tached to the Pneumatic Excavation System:  A 
typical thermal conductivity probe used for terrestrial 
soil samples (the so-called ‘needle probe’) consists of a 
thin metal tube of ~2-mm diameter and ~5-cm length, 
which contains a linear electric heater along its length 
310 LPI Contribution No. 1683
and a temperature sensor (e.g., thermistor) at its center.  
When the probe is inserted into the soil, it heats up and 
monitors the temperature increase [11, 12].  The meas-
urement theory requires that the length of the probe is 
much greater than its diameter and that the probe is 
made of highly conductive material.  In such a config-
uration, one can assume that the heat diffuses away 
through the soil in the radial direction from a line heat 
source, and that temperature of the probe is always the 
same as that of the soil in contact with the probe. Then, 
the thermal conductivity can be an algebraic function 
of the heat input and the logarithmic rate of the tem-
perature rise: 
𝐾 = 𝑄4𝜋 ∙ 𝑑(ln 𝑡)𝑑𝑇                (1) 
where K is the thermal conductivity, Q is the heat gen-
erated per unit length of the probe, T is the tempera-
ture, and t is the time. 
The thermal conductivity probe for our new system 
is attached to the tip of its penetrating cone (Fig. 2).  In 
order not to diminish the excavation efficiency, the 
probe is short (1-cm).  The probe has a diameter of 3-
mm in order to insure good thermal contact with pow-
dery regolith materials in lunar vacuum, and for me-
chanical strength.  The penetrating cone in its current 
design is made of a low-conductivity plastic in order to 
thermally insulate the probe from the rest of the in-
strument.  The short needle contains a platinum wire-
wound resistance temperature detector (RTD), and a 
thin heater wire which wraps around the cylindrical 
ceramic casing of the RTD.  
 
 
Figure 2:  Photographs of the prototype thermal con-
ductivity probe. 
 
During a deployment, when the penetrating cone 
reaches one of the depths targeted for thermal conduc-
tivity measurement, it stops blowing gas, and the stem 
pushes the short probe into the yet-to-be excavated, 
undisturbed bottom-hole soil.  Then, it begins heating 
and monitors the temperature rise.  When, the meas-
urement is complete, the system resumes excavation. 
 
Thermal Conductivity Experiments: A prototype 
of the short thermal conductivity probe (Fig. 2) has 
been tested with lunar regolith simulant JSC-1A placed 
in a vacuum chamber at various air pressures.  The 
container of the simulant was large enough to accom-
modate two probes inserted approximately 8 cm apart. 
One was the new short probe and the other was a 
standard thermal conductivity probe (Decagon KD2 
Pro) with 2.4-mm diameter and 10-cm length. The two 
probes were far enough apart to allow simultaneous 
heating experiments.  Data from the latter probe yield-
ed thermal conductivity of JSC-1A as a function of 
chamber pressure (Fig. 3).   
 
 
Figure 3: Thermal conductivity of the JSC-1A lunar 
simulant measured for a range of chamber pressures 
with the Decagon KD2 Pro.  The simulant was well 
compacted before the measurements. 
 
 
Figure 4: Temperature records from 6 heating tests of 
the short probe shown in Fig. 2. Each curve represents 
one test result conducted at a fixed chamber pressure 
(Fig. 3).  The thermal conductivity of the regolith at 
that pressure is noted for each of the curves drawn. 
 
For each set of heating experiments at a fixed pres-
sure, our short probe was heated for 30 minutes (Fig. 
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4) with a constant power of 50 mW. The 
length/diameter ratio of the short needle is not large 
enough to allow direct application of the standard nee-
dle probe technique (Eq. 1).  However, it can be seen 
that, for each heating experiment, there is a linear rela-
tionship between the temperature and the natural log of 
time after ~4 minutes of heating (Fig. 5): 
𝑇 = 𝐶 ln 𝑡 + 𝑇0               (2) 
where T0 is the initial temperature and C is a constant. 
If this were for a standard, long needle probe, C is 
equivalent to Q/(4πK). For the short probe, such rela-
tionship does not necessarily hold.  However, it gives 
hope that the logarithmic rate of temperature increase 
(C) for the short probe may be inversely proportional 
to the thermal conductivity of the medium being meas-
ured.  In other words, the relationship between these 
two quantities may be similar to Eq. 1.  We have ob-
tained the product of C and the thermal conductivity 
obtained by the standard probe (K) for each set of ex-
periments (Table 1).  The C·K values for pressures less 
than 20 Torr or thermal conductivity values of 0.1 
W/mK are similar. Within the low pressure, low ther-
mal conductivity range, C and K are indeed inversely 
proportional. Therefore, it is possible to uniquely de-
termine the thermal conductivity of the medium from 
knowledge of the temperature increase with time, if the 
C·K value has been pre-determined for the probe by a 
series of calibration experiments. 
 
 
Figure 5: Temperature records from the short probe 
heating tests replotted in the natural log time scale.  
Time is in seconds.  The slope of each line corresponds 






Table 1:  C·K values obtained from the heating tests of 
the short probe for JSC-1A at different K values.   
Pres. 2 5 10 20 50 100 
K 0.039 0.055 0.081 0.109 0.157 0.190 
C·K 0.146 0.146 0.147 0.146 0.136 0.126 
Units for pressure and thermal conductivity are Torr 
and W/mK, respectively. 
 
Comparison with Other Instrument Designs: 
Prior to the present study, two types of compact in-situ 
subsurface thermal conductivity systems were pro-
posed for low-mass lunar robotic missions.  One was a 
button-shaped device containing a heater-RTD assem-
bly, imbedded in the outer casing of a bullet-shaped 
penetrator (0.8-m length and 0.15-m diameter) dropped 
from a Lunar-orbiting spacecraft [13].  The other was a 
heater-RTD assembly built into the casing of a ‘mole’ 
self-hammering system deployed from a lander [14, 
15].  
Both of these previous approaches have difficulty 
in achieving high accuracy in thermal conductivity 
measurement, mainly because temperature measured 
by the RTD is heavily influenced by that of the instru-
ment body to which the sensor is built/attached.  The 
instrument body has a much larger heat capacity and 
thermal inertia than the temperature sensor itself.   The 
instrument body (the penetrator or the mole) is 2 or 3 
orders of magnitude more thermally conductive than 
lunar regolith.  Therefore, temperature felt by the sen-
sor may be closer to that of the instrument body react-
ing to the self-heating than that of the soil/regolith in 
contact.   
The present design of inserting a small, low-heat-
capacity probe into regolith significantly reduces the 
thermal inertia problem.  Also, in this design, the probe 
is relatively insulated from the rest of the instrument 
body.  This way, the RTD senses the temperature of 
the regolith more accurately and responds more quick-
ly to temperature changes.  It has further advantage in 
that the small probe causes less mechanical disturbance 
to the regolith than the penetrator (free-falling into the 
regolith) or the mole (hammering and compacting the 
soil).  Finally, the small probe does not require as 
much heater power in making a thermal conductivity 
measurement, because its heat capacity is much less.      
 
Conclusions: In-situ thermal conductivity of lunar 
regolith has been previously reported to be 0.009 to 
0.013 W/mK at Apollo 15 and 17 sites [1].  In our lab 
experiments, we were not able to lower the chamber 
pressure below 2 Torr to duplicate the condition on the 
Moon.  It is still noteworthy that, at the lowest thermal 
conductivity values achieved for the JSC-1A simulant, 
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the short probe yielded the best performance.  For 
thermal conductivities between 0.039 W/mK and 0.109 
W/mK, the C·K values were constant (Table 1).  With-
in this range, it is possible to obtain the thermal con-
ductivity simply as: 
𝐾 = 0.146 × 𝑑(ln 𝑡)
𝑑𝑇
               (3) 
Given how constant C·K is in this range (Table 1), it 
may be possible to determine thermal conductivity 
within + 0.001 W/mK.    Whether or not this relation-
ship holds at lower pressures needs to be tested in fu-
ture studies. 
The use of an empirically obtained C·K is very sim-
ilar to the approach taken by the investigators of the 
Apollo Heat Flow Experiments [16]. Their 50-cm long, 
2.54-cm diameter probe was heated only at short (~2.5 
cm) sections for thermal conductivity measurements.  
The conventional line heat source model (Eq. 1) was 
not applicable.   The investigators empirically obtained 
C·K for their probes by carrying out a series of lab ex-
periments. 
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Introduction:  Space represents challenging envi-
ronmental conditions for the operation of electronic 
circuits. Instrumentation on planetary missions, typi-
cally require readout circuits and detectors that not 
only operate at deep cryogenic temperatures, but also 
survive high levels of ionizing radiation. For instance, 
readout circuits for the NASA led descoped-JEO mis-
sion require a reference radiation design point of 2.9 
Mrad (Si) total ionizing dose (TID) behind 2.54 mm 
thick aluminum shielding. The recently announced 
ESA led JUICE mission has a radiation hardness re-
quirement which is only slightly less stringent. If the 
electronic circuits can be designed a priori to operate 
reliably in the space environment, the need for protec-
tion would be eliminated, resulting in dramatic reduc-
tions in system weight and volume, and thus the cost 
of the overall mission. 
Reference (voltage and current) circuits are exten-
sively used in a wide variety of electronics required for 
space exploration missions, including: detectors, 
readout circuit, and high resolution analog to digital 
converters. Any significant variations in the reference 
value will directly affect the performance of such cir-
cuits, and as a result, a well-designed reference circuit 
must provide a very stable output under any extreme 
conditions encountered. 
Silicon–germanium (SiGe) BiCMOS technology 
has emerged as a compelling technology platform for 
implementing electronic circuits intended for extreme 
environment applications (e.g., when exposed to low 
temperatures, high temperatures, and/or ionizing radi-
ation) [1]. Due to the beneficial effects of bandgap 
engineering, the electrical properties of SiGe transis-
tors such as the current gain, cutoff frequency, and 
broadband noise all improve with cooling. Below 
about 100 K, where Si bipolar junction transistors 
suffer from base freeze-out [2], carrier freeze-out is 
minimized in SiGe HBTs since the base, emitter, and 
significant portions of the collector are doped well 
above 3 × 1018 cm−3, a minimum required doping level 
in Si for the occurrence of the semiconductor–metal 
(Mott) transition [1], [2]. In the present work, we in-
vestigate the impact of low temperature operation and 
radiation damage on the performance of a reference 
circuit designed in a SiGe technology platform.  
 
Figure 1.  Schematic of a SiGe BGR circuit, after [6]. 
 
This four-level metal platform also offers CMOS 
transistors with a nominal Leff of 0.35 µm, as well as 
polysilicon and diffused resistors, and various capaci-
tors. The reference circuit (shown in Figure 1) follows 
an exponentially compensated bandgap reference 
(BGR) design [3]. The start-up circuit consists of tran-
sistors M1, M2, and M3. Transistors Q1 and Q2, along 
with resistor R1, generate a proportional-to-absolute-







1,       (1)  
 
where ∆VBE is the difference between the base-emitter 
voltages (VBE) of transistors Q1 and Q2, VT is the 
thermal voltage, and AQ1 and AQ2 are the emitter areas 
of transistors Q1 and Q2 respectively. This PTAT cur-
rent is mirrored and amplified through the top pMOS 
current mirrors and also transistor Q5 into the last two 
stages of the circuit, generating a PTAT voltage across 
resistor R2.  The output voltage of the circuit can be 
estimated as: 
  ≈ 	,3 + 
2  







where VBE,Q3 and βQ3 are the base emitter voltage and 
the current gain of transistor Q3 respectively, and k1 
and k2 are the amplification factors of the PTAT cur-
rent in the last two stages.  The PTAT voltages are 
used to compensate the negative temperature coeffi-
cients of the base–emitter voltage of transistor Q3, and 
therefore, creating a temperature stable output voltage. 
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 Figure 2. Measured output voltage of the SiGe reference 
circuit operating at temperatures below 700 mK, over a 
1200-s window, after [4]. 
 
Operation of SiGe Reference Circuits at mK 
Temperatures: To examine the performance of the 
SiGe compensated BGR circuit at sub-1 K tempera-
tures a 3He refrigerator capable of reaching a base 
temperature of less than 300 mK under a 40 µW heat 
load was utilized [4].  To closely monitor the die’s 
temperature, a Cernox temperature sensor was mount-
ed adjacent to the BGR circuit inside the package [5]. 
For this sensor, a resistance value (Ro) of 600 Ω or 
larger corresponds to temperatures lower than 800 
mK. Figure 2 shows the measured output voltage of 
the SiGe BGR circuit operating over a 1,200-second 
window at sub-1-K operating temperatures [4]. The 
average output voltage obtained during this period was 
1.1562 V, and the voltage deviation from the average 
value was less than 0.1%. With a 3.3-V power supply, 
the circuit consumed an average current of 39.5 µA 
and dissipated about 130 µW. During the measure-
ments, based on the readings from the Cernox sensor, 
the package temperature stayed below 700 mK.  The 
fluctuations observed in the output voltage can be fur-
ther reduced by adding an on-chip capacitor to the 
output node.  
 
Radiation Response of SiGe Reference Circuits: 
One of the main sources of radiation-induced degrada-
tion in semiconductor devices is the TID damage. Si-
Ge HBTs, as a result of their inherent structural prop-
erties (very thin EB spacer, heavily doped extrinsic 
base region, and very small active volume), have 
shown to be tolerant to TID up to multi-Mrad levels 
[2]. Still, minor radiation-induced degradation, in-
cluding an increase in the base current, is observed 
[1]. 
 
Figure 3. Change in the output voltage of the SiGe refer-
ence circuit after X-ray and proton irradiations. 
 
To study the effects of TID damage at the circuit level, 
the performance of the SiGe BGR reference circuit 
was evaluated after it was irradiated with 10 keV X-
rays and 63 MeV protons [6]. Figure 3 shows the 
measured changes in the value of the output as a func-
tion of temperature, after irradiation to TID levels of 
1,080 krad (SiO2) (X-rays) and 5,400 krad (SiO2) (X-
rays and proton).  It can be seen that in all cases there 
is a negative shift in the value of the output voltage 
after irradiation (which increases with the level of 
TID), and for the same TID level, X-rays create more 
damage than protons (larger voltage shift).  The he 
voltage value drops after irradiation due to the fact 
that with the increase in the TID level, the base excess 
current of SiGe HBTs increases, which consequently 
results in the decrease of the current IPTAT and there-
fore the output voltage [6]. At the same TID level, 
protons produce a smaller increase in transistors’ base 
leakage current compared to X-rays [7]; hence the 
performance degradation is smaller.  
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Introduction:  The absence of organics on Martian 
surface is a subject that had been studied intensively by 
many authors for decades.  The simplest explanantion 
for the missing organics used to be that they are con-
stantly delivered to the surface but intense ultraviolet 
photons transmitting through the thin Martian atmos-
phere quickly decompose these organics[1].  Recently, 
influenced in part by the discovery of  perchlorate by 
Phoenix lander, new analysis and experiments were 
conducted and some results suggest the presence of 
organics at trace level in Martian regolith. In this arti-
cle, we, first, briefly review the recent progress on the 
subject of absence/presence of organics on Martian 
surface to gain perspective as to what to expect.  Se-
cond, we describe why Raman spectroscopy, in par-
ticular, surface-enhanced Raman spectroscopy (SERS) 
is potentially the best suited for astrobiology explora-
tion of Martian surface. Finally, we present details on 
the SERS implementation schemes and issues. 
Organics in Martian surface:  The 1976 Viking 
mission to Mars did not detect organic molecules on 
the planet’s surface.  It was surprising since the Mar-
tian surface is constantly bombarded by meteorites 
delivering various organics.  Searching for the reason 
of this missing connection had been the center of inten-
sive effort.   
It was suggested that the presence of potent oxidant 
in Martian regolith coverts all the organic molecules to 
carbon dioxide at the same rate of gaining them by 
meteorite bombardment [2]. The authors concluded 
that nonvolatile salt of benzenecarboylates, oxalates 
and perhaps acetatemay have been formed on the sur-
face of Mars through oxidation of meteorite-delivered 
organics and these are largely invisible to the analytic 
instruments onboard Viking lander.  Salts of these or-
ganic acids are resistant to further oxidation and may 
be present in Martian regolith. 
Recently, Shkrob et al. [3] proposed chemical pro-
cesses that are largely based on the photocatalytic de-
carboxylation at the surface iron oxide particulates that 
are abundant in the Martian regolith. Reactive radical-
induced oxidation and photocatalytic reaction on the 
oxide particles cause mineralization of the organic 
compounds. 
Most recently, Navarro-Gonzalez et al. [4] reana-
lyzed the Viking results and suggested the existence of 
0.1% perchlorate and 1.5 – 6.5 ppm of organic carbon 
at Viking landing site 1, and 0.1 % of perchlorate and 
0.7 – 2.6 ppm of organic carbon at Viking landing site 
2. 
To summarize, non volatile products of oxidation 
and even some organic carbon might be present on the 
Martian surface.  Further, some minerals might harbor 
organics in areas not exposed to direct sunlight. The 
concentration of these can be in the order of ppm. 
Raman spectroscopy for astrobiology explora-
tion on Martian surface: Raman spectroscopy offers 
unique advantages over other spectroscopy techniques 
as analytic instruments; no need of sample preparation, 
light and compact instrumentation, rapid data acquisi-
tion rate and reasonably straightforward data interpre-
tation.  Hence, a broad range of literature is available 
on the application of Raman spectroscopy to astrobiol-
ogy exploration. Among  those, Ellery and Williams 
[5] discuss various facts related to Martian environ-
ment and emphasize that evaporite deposits are the 
most promising site to recover Martian biota by utiliz-
ing Raman spectroscopy.  Edwards et al. [6] listed 
three groups of organic compounds (hopanods, sterols 
and steranes) to investigate the viability of these com-
pounds as biomarkers. They found that hopanoids are 
very difficult to be detected in a solid phase suggesting 
that certain organic compounds may not be easily de-
tected by Raman spectroscopy.  Nevertheless, those 
related to astrobiology may be available at trace level 
and it is safe to implement the surface-enhanced Ra-
man spectroscopy method that significantly amplifies 
Raman peaks as described in the following section. 
Surface enhanced Raman spectroscopy (SERS): 
The surface-enhancing effect was discovered by 
Fleischmann et al. in 1974 who observed surprisingly 
strong Raman signatures from pyridine which was ad-
sorbed on an electromechanically roughened silver 
electrode as described in [7]. The Raman peak ampli-





 and in a particular case a factor of 10
14
 was 
claimed [8]. There are three different methods to 
achieve surface enhancement as reviwed in the follow-
ing section..   
First, the most commonly implemented method use 
surface-enhancing nanoparticles submerged in aqueous 
solution as illustrated in the following based on the 
work done by the current authors of this article [9].  
Figure 1 displays the schematic arrangement of mole-
cules under investigation, Rhodamine 6G (Rh6G), and 
gold nanoparticles used as an enhancing agent. It is to 
be noted that the molecules of both ends are terminated 
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by gold nanoparticles.  Figure 2 shows the gold nano-
particles synthesized for this work. The SERS samples 
were prepared by mixing two components: Rh6G in 
ethanol at the concentration of 2.5 x 10
-3
 mol/L and 0.3 
mL of gold nanoparticles in water. 
The experimental results of SERS are shown in 
figure 3.  The term rice indicates the shape of the syn-
thesized gold nanoparticles.  The spectra of Rh6G are 
clearly seen to be surface-enhanced compared to those 
spectra bundled in a region close to the horizontal axis. 
The molecular formula of Rh6G is C28H31N2O3Cl and the 
peaks due to well known vibration modes such as C-H and 
C-C bonds can be quickly identified.  Nevertheless, the 
important features to be emphasized are the six spectra 
labeled as Au Rice (1 - 6) W.  Water was mixed with 
gold nanoparticles of six different seed values, hence 
morphologies, but none of the spectra is seen en-
hanced.  This is because water molecules are not ter-
minated by gold nanoparticles and enhancement did 
not occur.  This indicates that certain molecules are 
SERS-active for given nanoparticles while others are 
SERS-inactive.  Indeed, the authors conducted SERS 
experiments with L-alanine, bovine serum albumin and L-
glut without achieving surface-enhancement.  
     Apparently, forming aqueous solution with mole-
cules under investigation and spectra enhancing nano-
particles is not suitable to in-situ remote operation on 
planetary surface.  Two other methods that are more 
viable for the purpose of exploration.  
Another commonly used technique is to drop mo-
lecular samples on to the surface of a SERS substrate 
with pre-fabricated nanosized patterns as epicted in 
Figure 4. The implementation of this technique re-
quires producing powder samples which may be a mi-
nor issue.  Nevertheless, exposing SERS substrates to 
the potentially dusty and windy environment can con-
taminate the test substrates and samples. 
 






Figure 1. A schematic geometry of molecules under 
investigation (Rh6G in the present case) and gold na-
noparticles.  Notice that both ends of molecular chain 





Figure 2. Gold nanoparticles synthesized for SERS 
experiments.  Missing is the TEM micrograph for a 
sample with seed value of 0.025.  The scale bar is 50 
nm for all the five micrographs. 
 
 
Figure 3. Surface-enhanced Raman spectra of Rh6G 
with gold nanoparticles of six different morphologies 
and more.  The term “rice” refers the elliptical shape of 
the nanoparticles.  It is seen that gold nanoparticles are 
unable to activate water molecules for surface-
enhancement: the spectrum labeled as Au Rice (1 – 6) 
W clearly indicating that water is not SERS-active 






Figure 4.  A schematic representation of using SERS 
substrate (light grey) and power samples (brown) 
dropped on the substrate. 
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The third technique is to embed the probing nano-
particles in the surface region of the target material.  
Ilie et al. used silver nanopatricles as a probe detecting 
the extent of local transformation of carbon film [10].  
Dunn et al. called this approach as the inverse SERS 
[11] and demonstrated that surface-enhanced Raman 
spectra can be obtained by first depositing small quan-
tity of adequate agents on a ground or flat regions of 




Figure 5. A SERS scheme which may be the best suited 
to the surface biology/chemistry assay.  The local area 
of the ground surface is decorated with enhancing na-
noparticles.  This technique does not require mechani-
cal movement of dispensing substrates and placing fine 
grained powered on them. 
 
The last technique seems to be the most suitable for 
the implementation of SERS on Martian surface since 
it does not require sample collection and other mechan-
ical movement.  A device that sprays probing nanopar-
ticles on to the soil or surface of rock may enable suc-
cessful operation of SERS on Martian surface.  How-
ever, as far as we are aware, there is no information 
related to the limitation of SERS-activeness of certain 
type molecules as discussed in detail for the case of 
SERS by aqueous solution, and further study is needed. 
      Conclusion: In this article, we briefly re-
viewed the current knowledge of organics that may be 
present on the surface of Mars providing some clue as 
to what to expect in terms of meaningful detection.  We 
briefly discussed the well known capabilities of Raman 
spectroscopy applicable to astrobiology exploration on 
Mars.  Finally, details of potential limit to the imple-
mentation of SERS are discussed. 
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Introduction:  Imaging at the microscale – in the 
form of a geologist’s hand lens – has long been an es-
sential tool for terrestrial field geology. In the field, 
preliminary microtextural analysis of rocks using a 
hand lens, when combined with a knowledge of miner-
alogy, provides a powerful combination for assessing 
the origin of a rock and inferring the secondary 
(diagenetic) processes that altered the rock once 
formed. Armed with such information, an experienced 
geologist can assign a rock to one of three basic 
petrogenetic categories (igneous, sedimentary or met-
amorphic) and begin to interpret past geological pro-
cesses based on the interplay of textural and composi-
tional information in real time. In addition, compari-
sons of weathered and unweathered surfaces can reveal 
important information about the geologic processes 
currently active at a site.  
Subsequent analyses of thin sections under a petro-
graphic microscope provides more detailed composi-
tional information in relation to the microtexture and a 
microspatial context for more targeted analyses (e.g. 
electron or ion microprobe, laser Raman, X-ray Dif-
fraction, etc.). Such spatially-integrated mineralogical 
and microtextural information enable the formulation 
of petrogenetic interpretations to infer primary for-
mation processes, secondary (postformational) 
diagenetic processes, environmental conditions, and 
information about fossil biosignatures [1, 2]. For 
astrobiological exploration, such observations are key 
for creating scale-integrated paleoenvironmental inter-
pretations to assess the nature and persistence of past 
habitable zones and their potential for supporting life. 
While the current generation of microscopic im-
agers on MER, Phoenix, and MSL have and will con-
tinue to significantly advance our understanding of 
Mars [3, 4, 5] no imager providing information compa-
rable to that from a petrographic microscope has yet 
been flown. Conventional petrographic microscopes 
observe in transmittance, requiring preparation of a 
thin-section by cutting, mounting on a transparent sub-
strate, and polishing the sample to 10’s of μm in thick-
ness before delivery to the instrument. The complexi-
ties of developing thin section preparation and trans-
mitted light microscopy systems for flight have so far 
frustrated attempts to develop robotic systems that 
could bring petrological methods to mainstream plane-
tary exploration. X-ray Power Diffraction (XRPD), and 
various geochemical analyses, provide sophisticated 
and indepth analyses of composition. However, such 
mineralogical data sets represent bulk compositions 
(XRPD requires powdered samples), which lead to the 
loss of important microspatial context information to 
aid petrogenetic interpretations. The absence of a 
microtextural context for mineralogy presently limits 
our ability to develop detailed, empirically-derived 
interpretations of past geological processes and history. 
Instrument:  The Multispectral Microscopic Im-
ager (MMI), a prototype instrument being developed 
for future planetary missions as an arm-mounted con-
tact instrument to support traverse characterization, 
geologic mapping and sample selection for onboard 
analysis, observes unprepared rock surfaces (as well as 
brushed or abraded surfaces) and in situ soils in reflec-
tance [5,6,7]. The instrument employs light-emitting 
diodes (LEDs), a lens, and a focal-plane-array (FPA) 
sensitive to visible and infrared wavelengths to gener-
ate spatially co-registered sets of multispectral 
microimages, in which every pixel in the field of view 
(FOV) consists of a visible-to-infrared reflectance 
spectrum. MMI-generated multispectral datasets at the 
microscale are comparable to multispectral datasets at 




Fig. 1: Multispectral Microscopic Imager. MMI de-
ployed on a 50 cm high outcrop of layered pyroclastic 
deposits as part of the 2010 ILSO-ISRU operational 
field test on the slopes of Mauna Kea, Hawaii. 
 
Current development models of the MMI (Fig. 1) 
use sets of multi-wavelength LEDs to illuminate the 
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sample in 21 different wavelengths from 0.46 μm 
(blue) to 1.73 μm (shortwave infrared), sequentially 
acquiring images in each of the spectral bands. The 
custom-designed lens provides a field-of-view (40 x 32 
mm), depth-of-field (5 mm), and spatial resolution (63 
μm/pixel) comparable to that provided by a geologist’s 
hand lens (~10X). Alternative trades between field-of-
view (FOV), spatial resolution, and depth-of-field can 
be obtained by using a lens with a different focal 
length. Additionally, different FPAs and LEDs are 
available to extend the spectral range to longer wave-
lengths. 
Capabilities:  The MMI advances beyond the ca-
pabilities of current microimagers such as MER’s MI 
[3], Phoenix’ RAC [8] and MSL’s MAHLI [9], by ex-
tending the spectral range from the visible to the 
shortwave infrared, and increasing the number of spec-
tral bands to 21. Within the MMI’s wavelength range 
and resolution, absorption features associated with 
electronic and vibrational processes enable the identifi-
cation and mapping of a wide range of primary igneous 
and alteration minerals, including iron-bearing mafic 
silicates like pyroxene and olivine [e.g., 10-11], iron 
oxides and iron oxyhydroxides with varying degrees of 
crystallinity [e.g., 11-12], and other iron-bearing phas-
es such as ferric sulfates, ferric carbonates, or iron-
bearing clays [e.g., 12-13]. Additionally, the MMI is 
able to detect the presence hydrated minerals, including 
hydrated silicates and sulfates, based on characteristic 
absorptions at ~1.4 μm associated with vibrational 
stretching/bending overtones of OH/H2O (Fig. 2). This 
enhanced capability enables the MMI to detect and 
map a larger variety of hydrated mineral classes com-
pared to existing microimagers. Detecting and mapping 
hydrated minerals within a sample greatly enhances the 
value of the MMI for astrobiological investigations to 
explore for past habitable conditions based on the pres-
ence of water.  
Applications to Mars:  Fig. 2 presents MMI data 
of a palagonitized basaltic volcanic breccia collected 
(by JDF) from Hlöðufell, a Pleistocene tuya 
(subglacial) volcano located about 10 km southwest of 
Langjökull in central Iceland. This sample represents 
similar lithologies that have been previously studied as 
potential analogs for habitable hydrothermal environ-
ments on Mars [14].  
MMI data.  Fig. 2 shows color composite images of the 
sample obtained with the MMI using different wave-
lengths to highlight variations in composition due to 
subtle color differences (A & B), an end-member map 
generated in ENVI (C), and corresponding spectra with 
suggested mineral identifications (D), based on com-
parisons with USGS VNIR library spectra [15] con-




Fig. 2: 30 x 25 mm subframes acquired with the MMI. 
A) Visible-color composite image composed of 0.46, 
0.52, 0.64 μm bands; B) Visible/near-infrared-color 
composite image composed of 0.76, 0.97, 1.66 μm 
bands; C) End-member map based on spectra (D). 
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The MMI images reveal that the sample consists of 
poorly sorted mixture of black, fine grained clasts of 
similar composition (monomict) ranging in size from 
medium sand to medium pebbles with sub-angular to 
rounded shapes in a matrix (cement)-supported fabric. 
Orange, light-grey and white-colored cements are very 
fine-grained and fill the pore spaces between the clasts. 
The light-grey cement lines the walls of the clasts while 
the white and orange-colored cements mostly fill inte-
rior pore spaces.  
Reflectance spectra of this sample exhibit absorp-
tions at 0.52, 0.64 and 0.97 μm associated with ferric 
iron and 1.05 μm associated with ferrous iron mineral-
ogy as well as features centered at 1.43 and 1.52 μm 
associated with stretching/bending overtones of 
OH/H2O. Spectra of components in the matrix are con-
sistent with hydrated minerals (mapped in green, ma-
genta, light blue), nontronite (orange); and Fe-
oxide/oxyhydroxide + nontronite (red). Spectra of the 
clasts (blue) are consistent with basalt (pyroxene ab-
sorption), while the rind of the central clast (purple) is 
consistent with augite + hydrated mineral. 
Interpretation of MMI data.  Sample is a volcanic 
breccia composed of basaltic clasts cemented by Fe-
oxides/oxyhydroxides and hydrated minerals (most 
likely as clay minerals, hydrated silica and zeolites). 
Subrounded clast shapes indicate moderate transport 
from the source. The uniformity of clast texture and 
composition (monolithologic) is consistent with deriva-
tion from a single volcanic source. The composition of 
the cements and alteration rinds on basaltic clasts are 
consistent with alteration at low temperatures. Rinds on 
basaltic clasts may contain hydrated silica, a common 
aqueous alteration product of basalt. 
Implications for searching for habitable environ-
ments and biosignatures on Mars:  In this example, 
mineral assemblage comprising cements and alteration 
rinds on clasts strongly support transport and alteration 
of primary basaltic volcaniclasts by aqueous fluids. 
The mineral assemblage is consistent with low to mod-
erate hydrothermal temperatures and suggest habitable 
conditions during deposition that could have supported 
a meso- to hyper-thermophilic chemotropic microbiota. 
Similar lithotypes on Earth have been shown to harbor 
putative bioalteration fabrics [16] and cellular micro-
fossils [2]. Over the history of Mars, the most persis-
tent near surface habitable zones may have well been 
similar finer scale microhabitats invisible at larger 
scales (e.g., brine-filled pore spaces, vesicles, or frac-
tures in rocks, and/or fluid inclusions in aqueous min-
erals and ices captured as they formed).  While spatial-
ly insignificant to humans, a tiny fluid-filled fracture in 
a rock can represent an “ocean” for a microbe. In addi-
tion, the factors that control the capture and preserva-
tion of microbial bioisgnatures have been shown to be 
strongly mediated by microscale processes and envi-
ronments, which are often biomediated.  In the explor-
ing for microbial biosignatures in ancient sedimentary 
materials, success usually requires focused sampling of 
certain microfacies within sedimentary rocks that were 
particularly favorable microenvironments for preserva-
tion. Thus for Mars, the most valuable precursor data 
sets for selecting the best rock samples for fossil 
biosignature analysis, are spatially-correlated maps of 
minerals and microtextures as generated with in situ 
contact instruments such as the MMI. 
Applications to the Moon and other Airless Bod-
ies:  Fig. 3 presents MMI data of sample 14321,88 
collected from the Fra Mauro region on the Moon dur-
ing the Apollo 14 mission. Sample 14321 (informally 
known as “Big Bertha”) is a clast-rich, crystalline ma-
trix breccia [17] with about 30% lithic and 
microbreccia clasts [18] that is interpreted to be a piece 
of the Fra Mauro formation [e.g., 17-19]. 
MMI data.  Fig. 3 shows color composite images of 
the sample obtained with the MMI using different 
wavelengths to highlight variations in composition due 
to subtle color differences (A & B), an end-member 
map generated in ENVI (C), and corresponding spectra 
with suggested mineral identifications (D), based on 
comparisons with USGS VNIR library spectra [15] 
convolved to the MMI bandpasses. 
The MMI images reveal that the sample consists of 
very poorly sorted mixture of fine grained clasts of 
different compositions (polymict) ranging in size from 
medium sand to medium pebbles with angular, to sub-
rounded shapes in a crystal-rich, matrix-supported fab-
ric. Clasts contain both crystalline and lithic compo-
nents and can be subdivided into three different types: 
1) dark fine-grained clasts, 2) small breccia clasts con-
taining smaller crystalline and lithic fragments (i.e., 
microbreccias), and 3) cemented fine-grained crystal-
rich fragmental materials (i.e., cemented regolith). 
Reflectance spectra of this sample exhibit absorp-
tions at 0.91, 0.93 and 1.05 μm associated with ferrous 
iron mineralogy and 1.2-1.3 μm associated with plagi-
oclase feldspar. Additionally, spectra with a positive 
continuum slope towards the infrared have experienced 
spectral reddening due to the effects of space weather-
ing. Optical changes associated with space weathering 
are largely initiated by two main processes on airless 
bodies, namely micrometeorite bombardment and 
charged particle irradiation, which create nanophase 
iron (npFe0), nanometer-scale particles of metallic iron 
distributed in a glass matrix [e.g., 20]. In lunar soils, 
npFe0 is found in two places: throughout agglutinitic 
glass and on soil grains in vapor/sputter deposited and 
irradiated rims [e.g., 20]. In constrast, spectra with a 
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flatter continuum slope have experienced less space 
weathering or have the presence of opaque minerals 
[e.g., 20-21].  
Spectra of components in the matrix are consistent 
with low-Ca clinopyroxene (purple) and orthopyroxene 
(magenta). Spectra of the clasts are consistent with the 
presence of Ca-rich plagioclase feldspar (dark blue), 
olivine of different Fe/Mg compositions (red and light 
green), high-Ca clinopyroxene (light blue), Na-rich 
plagioclase feldspar (orange), basalt (plagioclase feld-
spar and pyroxene absorptions) with an opaque mineral 
(dark green), and space weathered material associated 
with the presence of nanophase iron (brown). 
Interpretation of MMI data.  MMI images and as-
sociated spectra of Apollo sample 14321,88 reveal the 
sample is a polymict, breccia with a crystal-rich matrix 
that has experienced a complex history. The matrix 
consists of fine-grained material composed predomi-
nantly of low-Ca clinopyroxene, with smaller amounts 
of plagioclase feldspar, orthopyroxene, and high-Ca 
pyroxene, respectively. The different clasts consist of: 
1) basaltic clasts with pyroxene, plagioclase feldspar 
and an opaque mineral, 2) cemented fine-grained mate-
rial (i.e., cemented regolith) that has experienced sig-
nificant space weathering, and 3) breccia clasts com-
posed of smaller fragments of basalt, plagioclase- and 
olivine-rich clasts, and mature regolith. Additional 
fragments of granitic composition were also found as 
constituents of larger breccia clasts. The diversity of 
the clast types and compositions along with different 
textures, suggests a complex paragenetic history in-
volving multiple sources and lithification events. 
Implications for characterizating surface textures 
and compositions, soil physical properties, and provid-
ing ground truth for orbital remote sensing.  In this 
example, the MMI composite images faithfully re-
solved the microtextural features of the sample, while 
the application of ENVI-based spectral end-member 
mapping performed well in mapping the distribution of 
Fe-bearing mineral phases (olivine and pyroxene of 
different compositions), as well as plagioclase feld-
spars, over a broad range of lithologies and grain sizes. 
The MMI composite images also discovered the pres-
ence of glasses and opaques, as well as detecting the 
subtle effects of space weathering in the sample, re-
vealing a complex paragenetic history. 
Balance between Capabilities and Costs:  Future 
planetary missions will be challenged by contrained 
budget outlooks. Given increasing pressures to keep 
costs down, future instruments and missions will need 
to balance capabilities with costs associated with both 
the development of the instruments themselves and 
indirectly to accommodate them in terms of mass, 





Fig. 3: 40 x 32 mm images acquired with the MMI. A) 
Visible-color composite image composed of 0.46, 0.52, 
0.64 μm bands; B) Visible/near-infrared-color compo-
site image composed of 0.52, 0.91, 1.43 μm bands; C) 
End-member map based on corresponding spectra (D). 
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While the MMI provides greatly advanced capabilities 
compared to current microimagers, it remains compa-
rable to the MER MI instrument in terms of complexity 
and accommodation. This makes the MMI a potential 
valuable instrument for consideration for future oppor-
tunities. 
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Introduction:  VISTA (Volatile In Situ 
Thermogravimetry Analyser) is a thermogravimeter-
biosensor system, which aims to measure abundance of 
volatile compounds and to detect biogenic molecules in 
any planetary environment.  
ThermoGravimetric Analysis (TGA) is a widely 
used technique to study condensation/sublimation and 
absorption/desorption processes in the analysed sam-
ples [1, 2]. The core of the thermogravimeter is a Pie-
zoelectric Crystal Microbalance (PCM), whose oscilla-
tion frequency depends on the mass deposited (and 
adherent) on it: in particular, the higher the mass the 
lower the frequency [3]. The temperature of the device 
can be changed by means of an appropriate heater, so 
that desorption/absorption of different volatile com-
pounds is allowed. The abundance of the re-
leased/absorbed volatile compounds is given by the 
mass variation due to the desorption/adsorption pro-
cesses, whereas its composition can be inferred by the 
desorption temperature.  
The MIPs (Molecularly Imprinted Polymers) are 
crosslinked polymers, which are synthesized in the 
presence of template molecules. The production pro-
cess uses a target molecule to construct a template of 
cavities inside the polymer. The cavities so created are 
then used to trap uniquely (or specifically) the target 
molecule. The comparison of this technique with others 
commonly used in the biological analysis field, shows 
clear advantages of MIP for space mission thanks to its 
robustness and for the absence of biological contami-
nation risks of extraterrestrial environments.  
Instrument concept:  VISTA is based upon a lab-
on-chip miniaturised sensor philosophy, since it has a 
very small mass, volume and power requirements and it 
needs a quite small amount of material for the analysis, 
i.e. less than 1 mg.  These characteristics made it an 
ideal instrument for planetary in-situ missions.  
VISTA has two different subsystems: the biosensor 
subsystem (S1) consists in a MIP coupled to a PCM 
and is devoted to the search of biosignatures, whereas 
the thermogravimeter subsystem (S2) performs TGA 
measurements looking for hydrates minerals and organ-
ic compounds (Figure 1). 
The development phase of S1 is at the design level, 
whereas a laboratory breadboard of S2 is currently 
operative and under test (TRL 4/5).  
The main innovation introduced by VISTA con-
cerns the special design of the thermogravimeter, 
which is equipped with a built-in heater and a built-in 
thermistor, which can act as additional heater. This 
special design dramatically reduces the total mass and 
the power required to perform thermal cycles. 
Preliminary evaluation of the overall instrument 
main characteristics are given in Table 1. 
 
 
Figure 1. VISTA block diagram. 
 
Parameter Value/Description 
Mass 25 g (one subsystem) 
Volume 2 x 2 x 3  cm3 (one subsystem) 
Power ( T~60 K) 
500 mW in air 
50 mW in vacuum 
Sensitivities 
10 – 100 ppm 
0.01 – 1 (ng cm-2s-1) 
Responsivity 1  ng Hz-1 
Detectors Operating 
Temperature (K) 
Subsystem 1: 270  K 
Subsystem 2: 300 – 750 K 
Electronics Operating 
Temperature (K) 
230 – 320 K 
Telemetry data rate and 
volume 
256 bit each sampling 
1 typical thermal cycle = 1 Mbit 
 
Table 1. Instrumental Characteristics for the 
Thermogravimetry/Biosensor system. The power need-
ed to increase the sensor from the environmental tem-
perature ( T) can be tuned depending onto the chemi-
cal species to be studied. The values here reported are 
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TGA measurements:  Preliminary measurements 
in ambient air show that to increase the sensor tempera-
ture of 70 °C from the ambient value (25 °C), reaching 
a value of  95 °C, the sensor needs less than 0.5 W 
(Fig. 5). Additional tests in vacuum seem to suggest 
that a T of 500°C would not require more than 2 W to 
be performed.  
To test the real capability of the device to measure 
volatile releasing we performed some tests using clay 
materials. The clay has been firstly hydrated by means 
of a Controlled Hydration Chamber and then dehydrat-
ed by increasing the PCM temperature. We measured 
that the amount of absorbed and desorbed water are 
similar (i.e. about 3%) and this demonstrates the capa-
bility of our device to perform TGA measurements. 
Details of the experiment are shown in [4]. 
Another laboratory experiment is planned to test 
the possibility to measure the enthalpy of sublimation 
in vacuum (to simulate an asteroidal environment) of a 
compound. The latter is heated and degassed, and will 
frost on the PCM, that is cooled down to about -50°C 
by a cold finger (Figure 2). The measurement of the 
rates of deposition on the PCM R1 and R2 at two differ-
ent sample temperatures T1 and T2, will allow to infer 
the enthalpy of sublimation H of the sample from the 
Van’t Hoff relation [5]: 
2 1 2
2 1 1





where R is the gas constant. 
 
 
Figure 2. Schematic representation of the experiment 
for the measurement of enthalpy of sublimation. 
 
Applications:  VISTA is under study for the Phase 
A of the proposed ESA Cosmic Vision mission 
MarcoPolo-R, addressed to a primitive asteroid, and 
JUICE. In the second case, it should be coupled with a 
Penetrator, designed for the surfaces of Europa and 
Ganimede.  
In the MarcoPolo-R scenario, VISTA will have the 
following scientific purposes: 
•  to detect the possible cometary activity of the 
asteroids 
•  to aid in determining the taxonomy of the as-
teroid regolith 
The first purpose can be reached setting up the 
PCM to a low temperature in order to allow the con-
densation of gases ejected by the possible cometary 
activity. For the second purpose, the PCM should be 
heated up to temperatures where organic and water 
desorptions occur (200-500 °C) [6], so that the meas-
urement of their abundance (related to its taxonomy) 
would be allowed.  
In the JUICE scenario, the aims are to: 
•  discern water ice and clathrate hydrates 
(which have different sublimation tempera-
tures) 
•  infer the composition of non-ice materials on 
the satellite surfaces 
•  detect the possible presence of organic mole-
cules 
The last two purposes will be likely reached com-
bining thermogravimetry and MIP techniques [7]. 
VISTA has been also studied for other planetary 
environments. In a Mars in-situ mission, it would be 
able to measure the water frost point, the deposition 
rate of dust and ice, as well as the volatile content in 
the Martian dust [8]. In the Lunar enviroment, it would 
measure the ice and volatile abundances. Furthemore, it 
would be able to measure the electrical properties of 
the regolith, by attracting charged dust grain by means 
of a variable electric field, generated locally by the 
instrument itself [9]. Finally, VISTA can find applica-
tion also in the study of planetary atmospheres (i.e. 
Venus and Titan), where it can measure the dew point 
of condensable species, the abundance of volatile and 
refractory component of cloud aerosols, the electrical 
properties of aerosols, as well as the organic content.  
References:  
[1] Wood, B. E. (1996), Proc. SPIE, 2864, 187-194; 
[2] Serpaggi, F. et al. (1999), J. Solid. State Chem., 
145, 580-586; [3] Sauerbrey, G. (1959), Z. Phys., 155, 
206-222; [4] Zinzi, A. et al. (2011), Sensors and Actu-
ators A, 172, 504-510; [5] Benson, S.W. (1968), 
Thermochimical Kinetics, p.1017 [6] Grady, M. M.; et 
al. (2002), Met. Planet. Sci., 37, 713-735; [7] Palomba, 
E. et al. (2010), EPSC, #445, [8] Palomba, E. et al. 
(2011), EPSC-DPS, #87, [9] Palomba, E. et al. (2012), 
European Lunar Symposium 
 
 
325International Workshop on Instrumentation for Planetary Missions
ENERGETIC CHARGED PARTICLE INSTRUMENTATION FOR JUICE.  C. P. Paranicas1, P. Brandt1, G. Ho1, and 
J. Westlake1, 1Affiliation (Applied Physics Lab, 11100 Johns Hopkins Rd., Laurel, MD 20723). 
 
 
Introduction:  The recent selection of JUICE by the 
European Space Agency will make a reality the first orbiter 
of an outer planet’s satellite.  The mission, as currently 
planned, will include an extensive Jovian magnetospheric 
phase followed by a Ganymede phase.  This provides the 
opportunity to answer science questions that span a range of 
disciplines including the interior of Ganymede, its surface, 
and the environment in which it exists.  In this talk, we will 
discuss instrumentation that is flexible enough to make scien-
tific advancements in several different areas of investigation.  
Specifically, we will present instrumentation for the detec-
tion of energetic charged particles.  These particles play a 
central role in areas such as the aurora of both of Jupiter and 
Ganymede, Jupiter’s and Ganymede’s magnetospheric struc-
ture and dynamics, and surface weathering.  The Jovian sys-
tem is particularly challenging due to the intense radiation 
environment.  This talk will address strategies for mitigating 
radiation such that the instrument sensitivity and background 
rejection is optimized in the context of the JUICE mission. 
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Introduction:  We will present an instrument that 
will provide highly sensitive assays of elemental com-
position to a depth of ~.3 – 1 m with no moving parts: 
the Probing In situ with Neutrons and Gamma rays 
(PING) instrument. PING will measure the bulk ele-
mental composition of the subsurface of any solid solar 
system body. PING will be a versatile, effective tool 
for a host of scientific investigations, including de-
tailed local geochemistry analysis, and the search for 
astrobiological niches. PING will also excel at preci-
sion surveys of subsurface materials for sample analy-
sis and selection for sample return missions as well as 
the search for resources in preparation for possible 
future human exploration.  
PING would enhance the science return of myriad 
future landed missions. Due to the penetrating nature 
of its high-energy neutrons and gamma rays, PING 
could see through the walls of a landed Venus probe. 
PING would neither need to be deployed nor would 
samples need to be brought into the probe for PING to 
perform its analysis as part of a Venus In Situ Explor-
er. As illustrated below, the PING technology is ideal-
ly suited for in situ analysis and sample return missions 
to the Moon, the surface of a comet, NEOs, as well as 
for upcoming Mars sample return missions such as 
ExoMars. In fact, PING can play an important role in 
any landed portion of the reformulated Mars program. 
PING will thus fill an important niche in NASA’s 
Planetary Science Exploration Program. 
Instrument Technology Description: PING con-
sists of a pulsed neutron generator (PNG), a gamma 
ray spectrometer, and neutron detectors. 14 MeV neu-
trons emitted isotropically from the PNG penetrate the 
surface to a depth of ~ 1 m and interact with the mate-
rial to produce characteristic gamma rays with energies 
specific to the isotopes involved. Detected lines in the 
resulting gamma ray spectrum indicate what elements 
are present and the line intensities measure the quantity 
of each element.  
These high-energy gamma ray lines (~0.1 to 10 
MeV) are highly penetrating, which is what enables 
elemental detection to ~ 0.3 m deep. The 14 MeV fast 
neutrons can penetrate down to ~ 1 m, providing great 
sensitivity to the presence and distribution of hydrogen 
at these depths. Fast neutrons that interact via elastic 
scattering in the soil are slowed and can emerge from 
the surface as albedo neutrons. The time and energy 
distribution of the albedo neutrons are primarily in-
dicative of the hydrogen content and its layered struc-
ture.   
Neutrons interacting in the soil through inelastic 
neutron scattering and neutron capture give rise to 
gamma rays on different time scales between the PNG 
pulses. Time-tagging the individual gamma ray events 
with respect to the PNG fast neutron pulse provides 
additional analysis tools. 
Thus measuring both gamma ray and neutron time 
and energy spectra characterizes different properties of 
the soil.  Combining the two measurements in one in-
strument is highly synergistic, for the analysis of each 
influences the analysis of the other.  For example, the 
soil density measured by neutron detection affects the 
gamma ray detection efficiency from a given material, 
and the elemental composition determined by the 
gamma rays affects how neutrons slow or are moderat-
ed, by the material. Establishing soil composition 
through a self-consistent analysis of both gamma ray 
and neutron spectra enables measurements superior to 
those provided by instruments containing only gamma 
ray or only neutron spectrometers.  
The PING technology builds on the principles be-
hind the Dynamic Albedo of Neutrons (DAN) instru-
ment on the Mars Science Laboratory (MSL).  DAN 
uses some of the same principles as PING, but since it 
is missing the crucial gamma ray component, it can 
only infer the existence of hydrogen, while PING can 
determine the complete quantitative elemental compo-
sition, accessing a large part of the Periodic Table, as 
illustrated in Figure 1. 
 
Figure 1. This color-coded Periodic Table shows the 
elements that PING can detect.  
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The technology choices for the three components 
and their efficient coordination into a single instrument 
system determine the ultimate performance of PING. 
The choice of neutron generator is especially important 
since it must be tuned to operate well with the gamma 
ray spectrometer, both during the pulse and in-between 
pulses. Since the timing of the neutron and gamma ray 
data between bursts is affected by the presence of high 
neutron scattering materials such as hydrogen, it is 
important to be able to alter the PNG pulse width and 
pulse period to accommodate any changes in material 
composition it encounters in different locations. A high 
neutron emission rate is also important because it re-
duces the time needed for each measurement. A long-
lived, high rate PNG with complete flexibility in pulse 
width and pulse frequency is thus crucial to the effec-
tive implementation of this technique. The DAN PNG 
lifetime is short and its flexibility in pulse timing and 
rate is too limited for it to be practical for use with a 
gamma ray spectrometer. 
Operational Advantages and Capabilities:  
The ~1 m penetration depth of the neutrons allows 
an assay of subsurface composition without the need 
for extracting samples. Because the fast neutrons are 
emitted isotropically, the measurement volume is ap-
proximately a ~1 m radius hemisphere beneath PING.  
Averaging over this volume reduces the effects of 
small highly localized anomalies. PING thus produces 
the bulk elemental composition of a given location and 
provides chemical context for measurements by other 
types of instruments. 
For example, since x-rays are much less penetrat-
ing than high-energy gamma rays, familiar X-ray in-
struments such as APXS and XRF can only probe a 
small shallow spot on the surface (~few mm radius, 
~100 microns deep). Since PING has access to the 
same elemental composition information, x-ray and 
gamma ray instruments are quite complementary – 
especially when identifying and characterizing surface 
effects.  
PING measurements of elemental composition can 
be used to infer mineralogy and can be valuable as a 
check on the mineralogical interpretations of IR spec-
troscopy results. Moreover, the interpretation of neu-
tron-only measurements is highly composition depend-
ent. The addition of gamma ray data quantifies the 
composition and allows quantitative H concentrations 
as well.  
When placed on a rover, PING can be sent out as 
part of a robotic reconnaissance mission to quickly 
map an area, searching for the best locations to find 
material for either sample selection for sample return 
missions or In Situ Resource Utilization (ISRU). 
Quick-look PING analysis would provide near-real 
time results, informing rover operational decisions. 
Current Development and Feasibility: PNGs 
with great flexibility and long life have been used for 
decades on Earth and can easily be made flight-
qualified since the conditions of their use in areas such 
as oil well logging are comparably harsh to the rigors 
of space use. Relatively light PNGs can be made avail-
able for flight; indeed, MSL is already flying a PNG 
instrument with DAN. 
GSFC has been working for years studying PING 
at a unique test site [1].  This outdoor test site [2] con-
tains large (1.8 m x 1.8 m x 0.9 m) Concord Grey 
Granite and Columbia River Basalt formations that 
have each been independently assayed so that the ele-
mental composition of each material is known to the 
ppm level. We test PING using these standards to get 
an absolute calibration. Being outdoors eliminates 
backgrounds from neutron or gamma ray interactions 
in nearby walls or shielding inside a laboratory. This 
facility thus provides singularly realistic planetary ana-
logues for reliable development of the technique. 
We construct layered structures of cm-scale high 
density polyethylene, basalt and granite plates on top 
of these formations to simulate subsurface layering 
configurations where the polyethylene is used as an 
analog for water. PING has successfully identified 
subsurface hydrogen as well as shown sensitivity to 
different layering configurations.  
Conclusions: PING, a combination of PNG and 
gamma and neutron spectrometers, is a promising in-
strument for measuring the full bulk elemental compo-
sition of the near subsurface of any rocky body in the 
solar system. The PING neutron/gamma instrument is 
highly adaptable to a large variety of mission roles and 
is a valuable complement to commonly used instru-
ment technologies. Mineralogy instruments such as 
infrared spectrometers benefit from PING’s elemental 
context information to eliminate some of their interpre-
tation ambiguities. X-ray instruments, which only 
measure surface composition, benefit from subsurface 
measurements from PING so that surface and bulk 
effects on soils can be separated. A final benefit is that 
PING can make its measurements without needing to 
drill or even contact the surface. Thus, a rover-
mounted PING can quickly map the full elemental 
composition of large areas. 
 
References: [1] A. Parsons et al., (2011) NIM-A, 
652, 674–679; [2] J. Bodnarik, et al., (2010), Lunar 
and Planetary Sci. Conf. #2581. 
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Introduction:  Data acquired by the MESSENGER 
Gamma-Ray and Neutron Spectrometer (GRNS) has 
successfully been used to characterize the surface com-
position of Mercury from orbit [1, 2, 3, 4]. The GRNS 
[5] is composed of two sub-instruments: the Gamma-
Ray Spectrometer (GRS) and Neutron Spectrometer 
(NS). The robust design of this instrument has allowed 
it to collect data over a range of orbital altitudes, view-
ing orientations, and in an extreme thermal environ-
ment. With minimal modifications, this instrument has 
the potential to be used to characterize the surface 
composition of any airless or nearly-airless rocky plan-
etary body from appropriately low altitudes. 
Gamma-Ray and Neutron Spectroscopy:  Gam-
ma-ray and neutron emission from a planet surface is 
stimulated by surface-incident galactic cosmic rays 
(GCRs). High energy (> 100 MeV) GCR protons cre-
ate fast (> 500 keV) neutrons in the surface through 
nuclear spallation. These neutrons are moderated with-
in the surface, and the portion that escapes into space is 
diagnostic of the composition of that surface. The bulk 
composition (e.g., the average atomic mass) is sampled 
by the measured fast neutron flux [6], the abundances 
of neutron absorbing elements (e.g., Fe, Ti, Gd, Sm) 
are sampled by the thermal (< 1 eV) neutron flux [7], 
and the abundance of hydrogen (and by extension H2O) 
is sampled primarily by the epithermal (1 eV to 500 
keV) neutron flux [8]. In the presence of large abun-
dances of near-surface hydrogen, the fast and thermal 
neutron fluxes also contain information about the com-
position of a planetary surface and can be used to ex-
amine the stratigraphy of hydrogen deposits to depths 
of 10s of cm [9]. 
Gamma-ray emission from stable elements (e.g. Si, 
Fe, S, Na, Ca, Al, Mg) is stimulated by neutron-
inelastic and neutron-capture reactions of nuclei in the 
surface [10]. Gamma rays are also produced during the 
decay of naturally-radioactive elements (K, Th, U). 
These gamma-rays originate from depths of 10s of cm, 
facilitating a characterization of the near-surface ele-
mental composition that is both unique and compli-
mentary to other remote geochemical sensing tech-
niques. For example, x-ray spectroscopy is sensitive to 
only the top < 100 m of material. 
MESSENGER GRS:  The MESSENGER GRS is 
composed of a High-Purity Germanium (HPGe) crystal 
surrounded by BC454 plastic scintillator (Figure 1). 
The HPGe crystal is 5 cm diameter by 5 cm long cylin-
der, and is an N-type detector. HPGe was chosen for its 
superior energy resolution as compared to scintillator 
detectors. (Figure 2). In order to mitigate the effects of 
radiation damage, the ability to anneal the HPGe is 
included through the use of two Zener diodes that are 
capable of heating the crystal to 85+ C. HPGe re-
quires cryogenic temperatures to operate, and the de-
tector includes a small cryocooler to maintain the de-
tector temperature below 85 K. The cryocooler has an 
expected lifetime of approximately 8,000 hours of op-
eration. 
The BC454 scintillator serves as an anti-coicidence 
shield (ACS) by vetoing HPGe and ACS coincident 
events resulting from detector-incident neutrons and 
charged particles, significantly reducing the back-
ground in the HPGe spectra. The ACS also makes 
standalone measurements of neutron emission from the 
surface. 
 
Figure 1. Cut-away view of the MESSENGER Gamma-
Ray Spectrometer. 
 
GRS Summary Specifications: 
Primary Sensor:  5cm x 5 cm N-type HPGe 
Anticoincident Shield: BC454 w/ 76-mm PMT 
Cryocooler: 0.5-W heat lift miniature rotary 
stirling cycle 
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Energy Range:  60 keV to 9 MeV 
Energy Resolution:  3.49 keV @ 1332 keV 
Intrinsic Efficiency: 0.104 @ 1332 keV 
Background Rejection ratio: 2:1 @ 1 MeV, 7:1 @ 8 MeV 
Differential Non-linearity: < 0.3% at 105 cps 
Integral Non-linearity:  1 channel (0.6 keV) 
Sensor Mass:  7.3 kg (including radiator) 
Electronics Mass: 1.9 kg (including harnessing 
and adapter plate) 
Power Dissipation:  23 W peak, 16.5 W operational 
Data Rate:  < 175 bps (orbital average) 
 
 
Figure 2. Comparison of the Lunar Prospector (Black) 
and MESSENGER GRS (red) gamma-ray spectra in the 
range of 0 to 3 MeV. The Lunar Prospector GRS was a 
BGO detector with higher intrinisic efficiency but signifi-
cantly lower energy resolution, and was acquired at 30 
km. The MESSENGER GRS data shown here was ac-
quired at orbital altitudes between 200 and 2,000 km. 
 
MESSENGER NS:  The MESSENGER NS con-
sists of a BC454 borated plastic (BP) scintillator sand-
whiched between two Li-glass (LG) scintillators. The 
LG detectors are sensitive to thermal and epithermal 
neutrons, which are seperable by utilizing the Doppler 
filter method [11]. The BP detector, being surrounded 
by the LG detectors and a Gd (thermal neutron absorb-
ing) foil, is sensitive to epithermal and fast neutrons. 
Fast neutrons are identified using a double pulse tech-
nique that identified the initial neutron moderating re-
action(s) followed by the neutron capture. The LG de-
tectors are read out by 19-mm photomultiplier tubes 
(PMTs), and the BP detector is read out by a 51-mm 
PMT. 
The NS also counts double- and triple-coincidence 
measurements, which have been successfully utilized to 
sample the energetic charged particle environment at 
the spacecraft. The triple coincidence measurement is a 
sensitive indicator of the magnitude of the GCR flux as 
well, as it is used to normalize the GCR-dependent 
planetary neutron flux. 
 
 
Figure 3. Cut-away view of the MESSENGER Gamma-
Ray Spectrometer. 
 
NS Summary Specifications: 
Primary Sensors: 10cm x 10cm x 0.4cm GS20 Li 
glass (x2), 10cm x 10cm x 10 
cm BC454 plastic scintillator 
Energy Range:  Thermal (Li Glass): 
   Epithermal (BC454): 
   Fast (BC454): 
Pulse Height Resolution: ~50% (Li Glass, n capture) 
   ~30% (BC454, n capture) 
Sensor Mass:  2.8 kg 
Electronics Mass:  1.1 kg (incl. harnessing) 
Power Dissipation:  6 W operational 
Data Rate:  ~ 70 bps (orbital average) 
 
Science Results:  The MESSENGER GRS has 
successfully characterized average abundances of Na, 
Al, Si, S, K, Ca, Fe, Th, and U in the northern hemi-
sphere of Mercury [1, 3, 4]. Spatially-resolved meas-
urements of K and Th have also been made (Figure 4, 
[2]), and efforts to expand mapping to other elements 
are ongoing.  
The NS has taken data for seven years of cruise op-
eration on the way to Mercury orbit and has taken data 
for over one year in Mercury orbit.  The primary Mer-
cury science goal of the NS is to detect and quantify 
the hydrogen concentrations at Mercury’s north pole; 
the analysis for this task is ongoing [12].  In addition to 
this task, data from the NS has been used to address a 
variety of Mercury composition and space science top-
ics.  Data taken from the NS LG detector during the 
three Mercury flybys has been used to constrain the 
concentration of neutron absorbing elements on Mercu-
ry’s surface [13].  Data from the NS BP detector has 
been been used to identify and quantify newly discov-
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Figure 3.  Epithermal (top) and fast (bottom) neutron 
count rate data taken from a single day (10 December 
2011) of orbital operation.  The dominant variation in 
the data is due to the changing spacecraft altitude.  The 
count rate peaks occur at the two spacecraft periapsis 
locations for each 12-hour orbit.  
ered energetic electron events within Mercury’s mag-
netosphere [14].  Finally, NS fast neutron data have 
enabled the first detection of solar neutrons in the 0.5 – 
5 MeV energy range [15, 16]. 
 
 
Figure 4. Map of K abundances on the surface of Mercu-
ry from the MESSENGER GRS [X]. The large northern 
volcanic plains unit [X} is outlined in black, and the Calo-
ris basin is outlined in grey. 
 
Current/Ongoing Missions: Several ongoing or 
upcoming missions utilize technology that is similar to 
the MESSENGER GRNS. Dawn has recently complet-
ed characterizing the surface composition of asteroid 4 
Vesta using its Gamma-Ray and Neutron Detector 
(GRaND, [17]), and it will carry out similar measure-
ments of 1 Ceres beginning in 2015. The ESA Bepi-
Columbo Mercury orbiter will carry a gamma-ray and 
neutron spectrometer [18]. 
Potential Missions:  A number of missions identi-
fied as high-priority in the 2012 Planetary Science De-
cadal Survey would benefit from the inclusion of a 
MESSENGER heritage GRNS. These include: 
- Orbital and in-situ characterization of the hy-
drogen and non-hydrogen composition for a 
Comet Surface Sample Return mission. 
- Orbital compositional measurements for a Tro-
jan Tour and Rendezvous. 
- Sample context measurements for a South 
Pole-Aiken Basin Sample Return mission. 
- Orbital and surface composition measurements 
of Mars, Phobos, and Deimos. 
- Asteroid Tour and Rendezvous. 
Careful consideration needs to be put into designing 
a GRS for orbital measurements of small bodies. For 
example the NEAR GRS failed to make compositional 
measurements of asteroid 433 Eros from orbit due to 
insufficient signal-to-background [e.g. 19], however it 
was successful in identifying Fe, K, Si and O once it 
was on the surface [20]. 
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Introduction:  The joint ESA-Roscosmos Exo-
Mars-2018 rover mission seeks the signs of past or 
present life on Mars.  The mission plan includes inves-
tigation of the near subsurface of Martian soil by ac-
quiring samples from a depth of up to 2 meters below 
the surface.  The Mars Organic Molecule Analyzer 
(MOMA) aboard the ExoMars rover will be a key ana-
lytical tool in providing chemical (molecular) infor-
mation from the solid samples, with particular focus on 
the characterization of organic content.  The MOMA 
instrument is a linear ion trap mass spectrometer (LIT-
MS) with two fundamentally different modes of opera-
tion: 1) pyrolysis gas chromatography-mass spectrome-
try (GC-MS) and 2) Mars atmospheric pressure laser 
desorption ionization (LDI) mass spectrometry.  The 
combination of the two analytical techniques provides 
a unique ability to characterize a broad range of com-
pounds allowing chemical analyses on volatile and 
non-volatile species. Typically, the recorded data in-
cludes information about elemental and molecular 
makeup, polarity, chirality and isotopic patterns.  Here 
we report on the configuration and operation on the 
MOMA prototype instruments, specifically the demon-
stration of the dual mode design. 
MOMA Mass Spectrometer:  The LIT-MS se-
lected for the MOMA mission consists of four hyper-
bolic rods  with r0 = 3 mm.  The ion trap is modeled 
after the 4X larger trapping volume Thermo LTQ [1].  
During analysis, chemical compounds are ionized and 
injected through one endplate into the LIT.  During 
trapping and cooling, ions oscillate in the fixed RF 
field of the rods and are trapped axially by a positive 
DC bias to the enplates relative to the rods. During 
ejection using the mass-selective instability mode, ions 
are excited by an auxiliary waveform applied to one 
pair of opposing rods containing narrow slits that per-
mit ejection to a dynode and channel electron multipli-
er detector. 
The LIT has many advantages which made it par-
ticularly amenable for use in the MOMA instrument.  
First is its ability to accept ions from either end of the 
ion trap.  This allows ions from the electron impact 
(EI) source (used for the GC) and ions from the LDI 
source to enter into opposite ends of the rods.  This 
geometry also allows for two detectors, which can be 
used individually for redundancy or simultaneously for 
increased sensitivity.  Another benefit of the LIT is its 
ability to operate at elevated pressures (~1 mTorr) and 
to utilize the Mars atmosphere as a bath gas.  This al-
lows ions to be directly sampled from Mars ambient 
conditions. 
 
       
 
Fig. 1.  (left) MOMA LIT-MS with SAM heritage EI 
source assembly. (right) MOMA GC. 
 
Three critical performance requirements for the 
MOMA mass spectrometer are its mass range (m/z 
1000), mass resolution (full width half maximum peak 
widths of 1 Da below m/z 500 and 2 Da between m/z 
500-1000), and detection limit (1 pmol/mm
2
 on the 
sample plate).  The prototype LIT has demonstrated all 
three requirements with the prototype instrument as 




Fig. 2.  Performance of the MOMA ion trap as a 
detector for GC- and LD-MS.  Peak resolution is 
demonstrated (a) with perflurotributyl amine (PFTBA) 
in EI mode.  Mass range is deomonstrated (b) with 
Angiotensin II in LDI mode.  Sensitivity is demonstrat-
ed (c) with Rhodamine 6G in LDI mode. 
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Gas Chromatography Mode:  GC-MS allows for 
the analysis of atmospheric gases directly, or solid 
samples by thermal induced volatilization.  When the 
analyte is a solid sample such as soil, sample treatment 
(pyrolysis, thermodesorption followed by derivatiza-
tion or thermochemolysis) is often needed prior to gas 
chromatographic analysis.  These pretreatments occur 
in a custom-built oven which allows volatilized and/or 
refractory analytes to be separated, ionized by EI ioni-
zation, and analyzed by the LIT-MS.  Light organic 
compounds (C2-C4) coming from the atmosphere or 
pyrolysis analysis are separated on a PlotQ (Restek) 
column (25 m x 0.25 mm x 0.25 µm)  before their de-
tection in the MS.  For ionization of the evolved neu-
tral gas, the MOMA prototype instrument utilizes the 
MSL Sample Analysis at Mars (SAM) heritage EI 
source design.  
The key challenge with the analysis of refractory 
organic compounds contained in soil is their extraction 
and subsequent analysis by GC-MS.  Since the extrac-
tion of organic matter is not possible by liquid solvent 
extraction, thermodesoprtion followed by derivatiza-
tion has been developed for the MOMA experiment.  
The goal of the thermodesorption is to quickly extract 
the organic matter before degradation.  The main focus 
is to determine the chirality of amino acids.  Indeed, on 
earth homochirality (especially the L-form) is an indi-
cator for the presence of life.  However, other refracto-
ry compounds can be analyzed: nucleobases, carbox-
ylic acids, PAHs, etc.   Thermodesorption occurs with-
in a range of temperatures from 150 °C to 300 °C over 
a period of 30 s to 10 min, depending on the chemical 
compound.  Under these conditions, we have shown 
that amino acids are not degraded and that their chirali-
ty is preserved.   For the nine amino acids studied, we 
determined the optimum temperature ramp to be 250 
°C/min.  Once extracted, refractory molecules with 
labile hydrogens (e.g. amino acids, nucleobases, car-
boxylic acids, etc.) were derivatized.  General and sen-
sitive derivatization occurs with a sillylated compounds 
MTBSTFA(N,N-methyl-tert-butyl-dimethylsilyl-
trifluoroacetamide).  Derivative compounds were sepa-
rated on an RTX-5 (Restek, USA) column (30 
m x 0.25 mm x 0.25 µm).  If a chiral separation was 
targeted, then dimethylformamide dimethylacetale 
(DMF-DMA) derivatization was utilized.  With DMF-
DMA 11 of the 19 proteinic amino acids were separat-
ed on the Chirasil-b-dex (Varian) chiral column (30 
m x 0.25 mm x 0.25 µm) [2]. 
Laser Desorption Ionization Mode:  Laser de-
sorption provides complementary information to that 
obtained via pyrolysis GC-MS because it provides mo-
lecular information from large, non-volatile molecules 
without the need for sample heating.  It is well-suited 
to space flight missions due to the relative ease (or 
complete lack) of sample preparation as well as its po-
tential to be conducted at Mars atmospheric pressure.  
A pulsed laser desorbs and ionizes molecules di-
rectly from powdered samples presented to the inlet of 
the mass spectrometer at Mars ambient pressure (2-12 
Torr).  The laser pointing system will provide approx-
imately 45° illumination on the sample.  The current 
prototype uses a commercial UV (266 nm) laser with 
flight-like parameters providing maximum power of 
240 μJ and pulse width of 1ns. 
Ions transfer into the mass spectrometer via a capil-
lary tube, forming a low-conductance leak that also 
serves as an ion optical lens.  Ions are transferred by 
two transport mechanisms, a potential gradient and gas 
flow.  After LDI, the resulting ions are directed to-
wards the ion inlet tube by a potential gradient.  An 
aperture valve is opened and the ions are taken up in 
the flow and transported through the tube.  Shortly af-
ter ionization, the valve is closed and the chamber is 
evacuated to ~10
-4
 Torr in several seconds.  The gas 
pulses are evacuated using a miniature turbomolecular 
pump (~4 L/s pumping speed), smaller than the wide 
range pump on SAM.  Results indicated that the gas 
flow is the predominant factor of ion transportation 
through the tube into the ion trap.   
A key concern of ion transfer from Mars ambient to 
vacuum pressure is the survival time of ions in the 
presence of collisions with tube walls or gas molecules 
which can cause neutralization and fragmentation.  Ion 
lifetime experiments conducted at various flow rates 
indicate that LDI ions can survive >20 sec, well be-
yond the length of a typical LDI experiment (~0.5-10 
sec).  Another important parameter is the sample to 
tube distance, since ions formed at the sample must 
traverse a region with many collisions with Mars at-
mosphere.  Recent results have shown that the efficien-
cy of ion transmission drops off with sample to tube 
distances of greater than ~7 mm and that optimum dis-
tances are in the range of 3-5 mm. 
References: [1] Schwartz J. C. et al. (2002) J Am. Soc. 
Mass Spectrom. 13, 659–669.  [2] Freissinet et al. (2010) J 
Chromatogr. A 1217, 731-740.  
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Introduction:  Classical methods to analyze the 
surface composition of planetary objects from a space 
craft are IR and gamma ray spectroscopy and neutron 
backscatter measurements. We present a complemen-
tary method to analyze rocky or icy dust particles as 
samples of planetary objects from where they were 
ejected. Such particles, generated by the ambient me-
teoroid bombardment that erodes the surface, are natu-
rally present on all atmosphereless moons and planets - 
they are enshrouded in clouds of ballistic dust particles 
[1, 2, 3] . In situ mass spectroscopic analysis of these 
grains impacting on to a detector on a spacecraft re-
veals their composition as characteristic samples of 
planetary surfaces at flybys or from an orbiter [4, 5] . 
 
Methods:  The well established approach of dust 
detection by impact ionization has recently shown its 
capabilities by analyzing ice particles expelled by 
subsurface salt water on Saturn’s moon Enceladus [6, 
7]. Applying the method on micro-meteoroid ejecta of 
less active moons would allow for the qualitative and 
quantitative analysis of a huge number of samples 
from various surface areas, thus combining the ad-
vantages of remote sensing and a lander. Utilizing the 
heritage of the dust detectors onboard Ghiotto, Ulys-
ses, Galileo, and Cassini a variety of improved, low-
mass lab-models have been build and tested. They 
allow the chemical characterization of ice and dust 
particles encountered at speeds as low as 1 km/s and an 
accurate reconstruction of their trajectories. Depending 
on the sampling altitude, a dust trajectory sensor can 
trace back the origin of each analyzed grain with about 
10km accuracy at the surface. Since achievable detec-
tion rates are on the order of thousand per orbit, an 
orbiter can create a compositional map of samples 
taken from a greater part of the surface. Flybies allow 
an investigation of certain surface areas of interest. 
Dust impact velocities are in general sufficiently high 
for impact ionization at orbiters about planetary objects 
with a radius of at least 1000 km and with only a thin 
or no atmosphere.  
 
Conclusion: This instrumentation is ideal on a 
spacecraft orbiting Earth’s Moon or Jupiter’s Galilean 
satellites. The method has a ppm-level sensitivity to 
salts and many rock forming materials as well as water 
and organic compounds. It provides key chemical and 
isotopic constraints for varying provinces or geological 
formations on the surfaces, leading to better under-
standing of the body’s geological evolution. Regions 
which were subject to endogenic or exogenic alteration 
(resurfacing, radiation, old/new regions) could be dis-
tinguished and investigated. In particular exchange 
processes with subsurface ocean on the Galileian 
moons could be determined with high quantitative 
precision.  
 
References: [1] H. Krüger et al. (1999) Nature, 
399, [2] A. V. Krivov et al. (2003) Planet. Space Sci. 
51, [3] M. Sremcevic et al. (2003) Planet. Space Sci. 
51 [4] F. Postberg et al. (2011) Planet. Space Sci., 371, 
[5] S. Kempf et al. (2011)  Planet. Space Sci., [6]  F. 
Postberg et al. (2009) Nature, 459, [7] F. Postberg et 
al. (2011) Nature, 474 
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Introduction:  A radiation hardened by design 
(RHBD) mixed-signal application specific integrated 
circuit (ASIC) has been designed for a thermopile 
readout for operation in the harsh Jovian orbital envi-
ronment.  The multi-channel digitizer (MCD) ASIC 
(shown in Figure 1) includes 18 low noise amplifier 
channels which have tunable gain/filtering coefficients, 
a 16-bit sigma-delta analog-digital converter (SDADC) 
and an on-chip controller. The 18 channels, SDADC 
and controller were designed to operate with immunity 
to single event latchup (SEL) and to at least 10 Mrad 
total ionizing dose (TID). The ASIC also contains a 
radiation tolerant 16-bit 20 MHz Nyquist ADC for 
general purpose instrumentation digitizer needs. The 
ASIC is currently undergoing fabrication in a commer-
cial 180 nm CMOS process. Although this ASIC was 
designed specifically for the harsh radiation environ-
ment of the NASA led JEO mission it is suitable for 
integration into instrumentation payloads on the ESA 
JUICE mission where the radiation hardness require-
ments are slightly less stringent.  
 
 
Figure 1. MCD ASIC (5mm x 5mm) 
Radiometry Application:  Mapping the surface tem-
perature anomalies and thermal inertia of a cold moon 
like Europa or Ganymede, from a space borne plat-
form, requires the accurate measurement of the infra-
red spectral radiance [1]. One sensitive measurement 
technique employs a filter radiometer operating in the 
nadir pointing, push-broom mode that uses several 
thermopile linear arrays, with each array integrated 
with infra-red filters that have appropriate wavelength 
pass bands [2]. The tiny thermopile pixel voltage out-
puts must be amplified, filtered and digitized with 
minimum noise.  Commercial 64-pixel linear arrays 
are available [e.g. thermopile array TPL640, 
www.micro-hybrid.de] while custom made 2D-arrays 
with as many as 640 pixels can be fabricated. Each 
pixel must be processed by a dedicated amplifier chan-
nel while one ADC can be used to sequentially digitize 
the multiplexed channel outputs. The high channel 
count dictates the use of an ASIC (see Figure 2) to 
minimize the mass-volume-power (MVP) product.  
The ASIC needs to operate under extremely high lev-
els of radiation as well as at relatively low tempera-
tures in the 170 K range: the expected temperature 
range of the instrument housing in thermal equilibrium 




Figure 2. MCD block schematic 
Thermopile Arrays:  Thermopiles based on Bi-Sb 
thermoelectric materials [3] are thermal detectors of 
choice for long duration planetary missions because 
they (i) generate an output voltage that is proportional 
to the incoming radiation within the spectral range 
being mapped; (ii) do not require an electrical bias or 
an optical chopper; (iii) have negligible 1/f noise, (iv) 
do not require active cooling and (v) show radiation 
hardness to 10 Mrad (Si) TID [4]. Furthermore, Bi-Sb 
thermoelectric materials show better efficiency in the 
range 150 K to 200 K. The thermal instrument (TI) 
observation cycle consists of 110 ms signal integration 
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intervals, interspersed with instrument views of an 
internal blackbody. This corresponds to a 10 Hz fre-
quency range. Thus low 1/f noise in both the detectors 
and the readout circuitry is essential. Thermopile de-
tectors intrinsically have low 1/f noise when read out 
with high-input-impedance voltage amplifiers. Ther-
mopile pixel elements, of size 240 x 480 µm2, have a 
typical electrical resistance of 14 kΩ at 300 K and are 
therefore dominated by Johnson noise, i.e. ≈ 15 
nV/√Hz. The TI thermopiles demonstrate a specific 
detectivity, D*, value of ≈ 8 x 108  cm√Hz/W at 10 Hz.  
The MCD ASIC has an input-referred noise of < 50 
nV/√Hz and is the dominant focal plane noise source.  
 
The MCD ASIC:  The thermopile pixels are read out 
in parallel with the custom MCD ASIC comprising 
signal conditioning,  multiplexing  and 16-bit digitiza-
tion functions. The roughly dc signal from each pixel 
is modulated by an electronic chopping circuit. The 
resulting AC signal is amplified, demodulated, inte-
grated and digitized. Because amplification occurs at a 
high frequency rather than near dc, the 1/f noise in the 
CMOS amplifier is dramatically reduced. Integrated 
signals of each of the thermopile channel outputs are 
multiplexed into a single analog output stream. 
Mounted on the same substrate as the thermopile ar-
rays are thermistors that monitor any temperature drift 
of the arrays on the focal plane assembly. The pixel 
and thermistor outputs connect directly to the MCD 
ASIC. The MCD has 16 thermopile pixel readout 
channels and two temperature sensor channels. Four 
such ASICs interface to the array and are in close 
proximity so as to minimize noise pick-up and para-
sitic thermocouple effects. One consequence of this 
placement is each MCD must operate in a cryogenic 
environment where the ambient temperature is as low 
as 170 K, far below the temperatures at which com-
mercial grade chips operate, i.e. 248 K.  Cryogenic 
ambients also impact on the radiation hardness of the 
MOS devices: TID induced positive charge captured in 
the gate oxide increases with falling temperature that 
does not anneal with time or bias [5]. 
 
Radiation Mitigation Strategy:  In addition to meet-
ing demanding electrical specifications, the design of 
the TI concept places a heavy emphasis on minimizing 
the MVP while maximizing longevity in Jupiter’s 
harsh environment awash with high energy particles. 
Minimizing the MVP is vital to the pragmatic needs of 
constraining launch cost, which limits the fuel needed 
for the trip to Jupiter and ultimately the size of the 
MMRTG.  In addition to ensuring that a circuit will 
work reliably over the mission lifetime in an extreme 
environment, RHBD figures very prominently in the 
MVP product: if a circuit can be radiation hardened, 
there is less of a shielding requirement which reduces 
the mass of the instrument significantly.    
If an ASIC is not designed to be sufficiently radia-
tion hard or adequately shielded [6] it would be vul-
nerable to failure when exposed to the high radiation 
environment within the Jovian magnetosphere. For 
operation in a 3Mrad TID environment, a circuit that is 
radiation hard to only 300 krad (Si) would need to be 
spot shielded with an enclosure that has 25.4 mm 
(1000 mils) thick aluminum walls. In order to reduce 
the spot shielding mass significantly, a radiation hard 
ASIC tolerant to at least 3 Mrad (Si) TID is required. 
For the same enclosure volume, the resulting alumi-
num shielding thickness would be significantly re-
duced giving nearly a 10-fold reduction in shielding 
mass.  
 
Choice of Technology:  The choice of technology for 
manufacturing the MCD ASIC was determined by the 
following requirements: a) inherent radiation hardness 
or amenable to RHBD; b) speed, bandwidth, and die 
area; and c) cost. Because there has been a lot of suc-
cess with RHBD techniques using bulk non-hardened 
CMOS processes, a domestic commercial foundry was 
decided upon.    
Commercial foundry process nodes have the fol-
lowing advantages: (i) stable, non-iterating processes 
with a heritage of proven designs; (ii) a comprehensive 
and robust Process Design Kit (PDK); (iii) regular 
tape-in schedules that are known well in advance; (iv) 
good support from the foundry, i.e. libraries, applica-
tion notes, etc.; (v) ITAR compliant, preferably domes-
tic source; (vi) available radiation data indicating in-
herent radiation tolerance and (vii) low cost. Both IBM  
and TowerJazz semiconductor foundries offer 180 nm 
CMOS nodes that are good candidate processes for an 
ASIC such as the MCD. If RHBD techniques, such as 
enclosed layout transistors (ELT), are utilized in a 
process node which already has some TID tolerance 
(defined here as at least 100 krad (Si)) then a high 
TID/latch-up immune ASIC can be built. So the strat-
egy to get to at least 3 Mrad (Si) TID was to have a 
design which (1) exceeds the specifications before 
irradiation, (2) is built in an unmodified process node 
with some inherent hardness to TID and (3) which has 
been hardened with RHBD and/or SOI. RHBD here 
includes ELTs, guard rings and circuit techniques.  
Both IBM and Towerjazz also offer silicon on insu-
lator (SOI) variants at the 180 nm nodes. The SOI 
variants naturally possess single-event latch-up immu-
nity [7], but can suffer single-event snapback in the 
absence of well-designed body ties [8]. Silicon dioxide 
insulator layers enclosing the Metal Oxide Semicon-
ductor Field-Effect Transistor (MOSFET) channels 
increase the possible exposure to TID effects [9]. Fur-
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thermore, for smaller feature sizes, a single heavy ion 
charge track may give rise to charge accumulation un-
der the buried oxide and in the channels of multiple 
MOSFETs, resulting in upsets at multiple circuit nodes 
[10]. However, bulk CMOS processes are also prone to 
this type of multiple bit upsets in addition to being 
susceptible to single-event latch-up (SEL).   
Ultimately we settled on TowerJazz Semiconduc-
tor’s CA18HD process (non SOI) which provides 
thick/thin oxide devices, native NMOS devices (for 
low Vts) and high sheet poly resistors. We chose Tow-
erjazz because of (i) the availability of extensive 
measurement data indicating non-hardened radiation 
tolerance to at least 100 krad TID in analog/digital 
circuits, (ii) low cost regular multi-product wafer 
(MPW) runs, (iii) excellent process design kits and (iv) 
good support from the foundry. Since the RHBD in-
cludes guard rings around all NMOS/PMOS devices 
the SOI feature wasn’t needed, further reducing the 
cost. 
MCD specifications   
Parameter Value 
Supply voltage 1.80 V 
Supply current 70 mA 
Number of TP channels 16 
Number of TS channels 2 
Signal to noise ratio > 256 
TP input  signal amplitude 0.1 – 120 µV 
Gain (variable) 1 – 10k 
Chopper frequency 40 - 125 kHz 
Noise <50 nV/√Hz 
Ambient temperature 150 – 300 K 
SDADC resolution 16  -  20 Bits 
SD modulator clock rate 1 MHz 
SD Nominal OSR 256 
Pipeline ADC resolution 16 
Pipeline ADC clock rate 1 – 20 MHz 
 
MCD ASIC Design:  As stated above, the main func-
tion of the MCD, illustrated in Figure 2, is to amplify, 
integrate and digitize the outputs of a thermopile array.  
A summary of the specifications of the ASIC is given 
in the table. The amplification task is particularly chal-
lenging with respect to offset and noise as the pixel 
voltages generated by the thermopile range from hun-
dreds of nanovolts to only one or two hundred micro-
volts. A representative plot of the thermopile pixel 
output voltage versus Europa scene temperature is 
shown for two filter bands in Figure 3. The output 
voltage calculation is based on a thermal instrument 
that has a primary telescope mirror of 80mm diameter 
and is in polar orbit at 100 km height from the surface. 
These slowly changing voltages must be greatly ampli-
fied (by as much as several thousand) and integrated 
before digitization, which places stringent demands on 
the noise and offset performance of the analog front 
end (AFE).   Each of the 16 pixel channels is com-
prised of a high input impedance, auto-zeroed chopper 
stabilized instrumentation amplifier and an integrator. 
The instrumentation amplifier and integrator are tun-
able with respect to gain and integration period. The 
outputs of the 16 pixel channels and two temperature 
sensor channels are multiplexed into one final ampli-
fier that drives a 16-bit ADC with fully balanced dif-
ferential signals.  
The channel gains have a roughly exponential rela-
tionship to the user supplied gain code. A variable gain 
allows the user to optimize the SNR depending on the 
thermopile signal amplitudes. An integrator following 
each demodulator (prior to the multiplexer) performs 
an filtering function on the amplified signals, which 




Figure 3. Typical thermopile output signal amplitudes for a 
thermal instrument with a 80mm diameter primary mirror 
observing Europa at 100km orbit. 
In order to minimize the effects of 1/f noise and 
offsets, each channel modulates its input before ampli-
fication. The chopping is performed with “passive cir-
cuits” using switches to perform the modula-
tion/demodulation. The chopping occurs at a rate be-
tween 40 kHz and 125 kHz. This relatively low rate of 
chopping minimizes the power dissipation per channel 
and is facilitated by auto-zeroing of the instrumenta-
tion amplifiers (which can be disabled). The demodu-
lation is performed using a switched capacitor integra-
tor which is also auto-zeroed. The user has the option 
of bypassing the integrator for some or all of the chan-
nels. The output of the integrator is held constant after 
the required number of integrate cycles. It may still 
have chop tones indirectly coupled through substrate 
parasitics and the supplies. Sub-sampling this (with the 
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appropriate multiplexer and ADC sampling) removes 
the chop tones.  
Each channel (Figure 4) thus outputs an amplified 
and filtered signal, which is fed to a final buffer ampli-
fier through a 18:1 multiplexer. Two of the channels 
are dedicated to the thermopile‘s local temperature 
sensor. The temperature sensor channels each supply a  
5 µA bias current to the array thermistors. During a 
normal data collection run, the multiplexer is switching 
from channel to channel with a cycle time of 18 chan-
nel sampling intervals. The channel sampling interval 
is determined by the required frame rate, where a 
frame represents the digitized data for all 18 signals 
(pixels plus temperature sensors). The frame rate can 
be as high as 20 frames per second (fps).  Thus all of 
the data associated with each of the 18 channels must 
be unloaded in 50 ms which is equivalent to 1 channel 
approximately every 2.78 ms. Thus the effective ADC 
conversion rate is 360 samples per second.  
 
 
Figure 4. RHBD instrumentation amplifier – integrator. 
There are two 16-bit ADCs on-chip. One of the 
ADCs, a sigma-delta architecture, was hardened like 
the gain channels and multiplexer. The SDADC uses a 
2nd order modulator and outputs a 1 MHz bit stream for 
off-chip decimation and filtering. A single output helps 
minimize the backend interface requirements. The out-
put signal can be fed into an FPGA for processing. The 
pipeline ADC converts at rates up to 20 MHz but is not 
hardened, instead relying on the inherent tolerance 
(100 krad TID minimum). This ADC can be powered 
down when the SDADC is being used and runs off a 
separate set of supplies from the hardened circuits. The 
Nyquist ADC was included for other applications (e.g. 
Earth Sciences) which don’t require Mrad hardening. 
 
MCD ASIC RHBD Techniques:  RHBD is employed 
to compensate for cumulative and spontaneous radia-
tion effects. Cumulative radiation effects caused by 
TID tend to increase the threshold voltages of PMOS 
transistors and decrease them in NMOS transistors, 
although this effect scales with the process node (thin-
ner oxides provide less volume in which to capture and 
store the TID induced positive charge [11]). While 
displacement damage dose (DDD) degrades mobility 
[12], TID effects on NMOS leakage is the primary 
concern for the ASIC’s reliable operation in the Jovian 
system. Accumulated positive charges in the thicker 
field oxide boundaries around each NMOS transistor 
can cause parasitic conduction paths from drain-source 
(through virtual NMOS devices in parallel with their 
hosts) and between adjacent NMOS devices with dif-
ferent drain/source potentials. This raises the off-state 
power dissipation, lowers the gain of the transistor 
through increased drain-source conductance, decreases 
the isolation between affected nodes and renders 
switches always on to some extent. Eventually, TID 
can cause total failure of a circuit. 
TID’s impact on the NMOS transistors is the main 
focus of hardening for cumulative radiation effects. 
The classic strategy to mitigate these effects is to 
harden the NMOS in the physical design using n+/p+ 
diffusion guard rings and edgeless or Enclosed Layout 
Transistors (ELTs). These techniques, though effec-
tive, incur area, power and performance (e.g. parasitic 
capacitance) penalties.   
Spontaneous events are termed Single Event Ef-
fects (SEEs), which include SEL, Single Event Tran-
sients (SETs) and Single Event Upsets (SEUs). Latch-
up after a single event strike is particularly hazardous, 
as the result can be an open circuit in the metal con-
ductors caused by electron migration due to high in-
duced currents. At best, SEL may just render the cir-
cuit inoperable until the power supply is switched off 
and back on again. SETs and SEUs affect both the 
analog and digital portions of an ASIC by causing 
voltage/current/bit changes, which perturb a signal 
from its correct value.  Such perturbations in the ana-
log circuit could manifest as errors picked up in the 
quantization or maybe temporarily destabilize an oth-
erwise stable amplifier loop. In digital circuits, bit pat-
terns can get corrupted which might, in the worse case, 
cause high current situations that ultimately shorten the 
life of the chip. SET and SEU errors in general, 
though, can either be flushed out, scrubbed (if de-
tected) or protected against using temporal latches or 
triple mode redundancy. 
The 180 nm bulk CMOS process node chosen for 
the MCD has been extensively evaluated for radiation 
hardness, both within NASA and externally. The thin 
gate oxide of the 180 nm FETs provides inherent resis-
tance to threshold voltage shifts caused by TID [13]. 
The CA18 process uses STI and coupled with the 
lower supply voltages this helps to reduce the general 
sensitivity to SEL [14].  However, the STI can be a 
contributing element in the onset of TID induced leak-
age. The baseline hardness for this process node is at 
least 100 krad (Si) TID with no RHBD.  The process 
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also offers a thick oxide FET variant, which allows 
operation at 3.3 V (nominal), which is useful for large 
swing signals and input/output (I/O) circuits.  
The MCD ASIC takes a multi-path approach to 
RHBD, employing both circuit and layout enhance-
ments to raise the tolerance to TID and single events. 
In the amplifier, comparator and bias current generator 
circuits, standard low voltage design techniques are 
employed with adaptive bias to compensate for thresh-
old voltages that vary with temperature, age and radia-
tion. Utilizing a front-to-back fully differential signal 
path also helps to harden the circuit against TID in-
duced changes in the common mode (CM) levels of 
analog voltages. Thus all of the amplifier and ADC 
circuits use fully balanced differential signal paths, 
which also enhances linearity and noise rejection. 
Since the TID mechanism has a more severe effect on 
NMOS devices, PMOS is employed in the first in-
stance wherever possible. For example, the input dif-
ferential pair of the operational transimpedance ampli-
fiers (OTAs) are PMOS, which facilitates the incorpo-
ration of ELT NMOS as transconductance multiplier or 
folded cascode loads.  
 
 
Figure 5. NMOS ELT and guard ring. 
The ELT (NMOS version is shown in Figure 5), 
while reportedly the best hardening mechanism for an 
NMOS, has several caveats requiring special attention. 
ELTs are inherently asymmetric with a large difference 
in the drain and source areas, have higher gate capaci-
tances (than their standard geometry counterparts) and 
occupy a larger die area for equivalent W/L ratios.  
Reliability and low output conductance requirements 
point to using an outer drain region in the layout of the 
device [15]. The asymmetry also results in a difference 
between the drain- and source-to-bulk capacitances, 
which has implications for switched capacitor circuit 
designs [15]. Since SPICE models for ELTs are not 
currently (in 2012) included in most, if not all, foun-
dries’ PDKs, the models are often approximations de-
rived from standard geometry devices customized by 
the designer.   For the MCD ASIC, a parameterized 
cell (p-cell) was developed for the ELT allowing cus-
tomization of the gate width/length, poly chamfer, and 
guard ring contacting which decreased layout time. All 
NMOS (and PMOS) are guard ringed to prevent de-
vice-to-device leakage and SEL. Transmission gates 
(switches having both NMOS and PMOS devices in 
parallel) in the MCD’s channels and analog multi-
plexer circuits utilize standard PMOS and ELT 
NMOS. In the switched capacitor circuits of the SD 
ADC, the switches use ELT PMOS and NMOS to 
minimize clock induced charge injection. 
RHBD in the digital areas of the design, such as the 
clock signal generators, registers, control logic and 
input/output circuits also utilizes guard rings and 
ELTs. Since the system is a pipeline of analog and 
digital signals and no feedback loops involve digital 
quantities, most upsets experienced in the ana-
log/digital sections will eventually get flushed out. 
There are three exceptions to this and these are in the 
registers containing the multiplexer channel number, 
channel gain and clock divider settings. An upset expe-
rienced in these areas could throw off the channel 
number, gain or chopper/multiplexer clock rates result-
ing in incorrect output data. To mitigate this, the con-
trol words for these quantities are continually re-
freshed. 
 
Conclusions: An 18-channel readout ASIC has been 
designed to amplify/digitize the microvolt level signals 
from a thermopile array for use in radiometry in the 
Jovian orbital environment. The ASIC uses RHBD 
techniques in a commercial bulk silicon 180 nm 
CMOS process to achieve immunity to SEL and TID 
hardness to at least 10 Mrad.  
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Introduction: During the summer of 2008, the Mi-
croscopy, Electrochemistry, and Conductivity Ana-
lyzer (MECA) operated on the Northern Plains of Mars 
as part of the Phoenix mission. Phoenix characterized 
the local terrain and atmosphere, and analyzed soil 
excavated by a robotic arm [1]. MECA combined three 
experiments in a single instrument suite: The Micro-
scope Station (MS); the Wet Chemistry Laboratory 
(WCL); and the Thermal and Electrical Conductivity 
Probe (TECP). While MECA was fully successful 
within the context of Phoenix, it was designed for a 
relatively short mission on a fixed lander. Subsequent 
development has been aimed at extending MECA 
technologies to long-lived rover missions. 
The Phoenix WCL contained four sample cells 
(figs. 1, 2) that were used to performed aqueous 
chemical soil analysis on Mars for the first time [2]. 
WCL experiments were conducted over (at least) two 
sols, each of which began with thawing of an aqueous 
test solution. Critical steps of the experiment were tank 
or beaker thaw, and additions of aqueous solvent, cali-
brant, sample, acid, and BaCl2 for sulfate titration [3].  
Each WCL cell contained ion selective electrodes 
(ISE) for direct measurement of cations and halides 
(Na+, K+, Ca2+, Mg2+, NO3–, NH4+, Br–, I–, Cl–), a Ba2+ 
ISE for the sulfate titration, two polymer pH sensors, 
one iridium oxide pH sensor, and two Li+ sensors to 
serve as references. Oxidation-reduction potential 
(ORP) was determined from the Pt ground wire [4]. 
WCL also measured electrical conductivity (EC) and 
performed cyclic voltammetry (CV). Two Ag chro-
nopotentiometry electrodes were used to determine Cl-, 
Br-, and I- concentrations. 
Highlights of the WCL results included the finding 
that most of the soluble chlorine is in the form of per-
chlorate, and that the solution has a near-neutral pH 
due to buffering by carbonates [5,6].  
NERNST the Next Generation WCL:  
The NERNST project is focused on developing the 
next generation wet chemistry laboratory based on 
techniques employed during the Phoenix MECA-WCL 
in situ experiments. From a scientific perspective, 
checking the global applicability of WCL findings and 
improving the quantitative determination of particular 
species are primary goals. From a technical perspec-
tive, two objectives have taken priority: 1) extending 
the sample processing capability to dozens of soil 
samples while decreasing the demand on spacecraft 
resources, and 2) extending the quantitative capability 
of the experimental analyses, including improved cal-
cium, nitrate, and sulfate detection. 
In the NERNST implementation, miniature chemi-
cal sensors are integrated on a microfluidic chip with 
channels widths of ~200 µM. This technical approach 
utilizes an aqueous extraction system to inject solu-





Figure 2. The MECA instrument suite on Mars. The four 
WCL cells can be seen in the center of the image. 
Figure 1. The Phoenix MECA Wet Chemical Laboratory 
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The advantages of microfluidics for planetary sci-
ence include significant reductions in mass/volume, 
much lower requirements for reagent volumes, reus-
ability of flow channels for multiple measurements, 
and integrated fluidic handling capabilities imple-
mented on-chip. The NERNST microfluidic array sen-
sors draw largely on heritage as demonstrated by WCL 
during the Phoenix mission. The single 4” microfluidic 
device accommodates all WCL sensor capabilities in a 
single fluidic/sensing layer. The capabilities of the 
NERNST microfluidic chip include: improved WCL 
chemical sensors, serial dilution of standards and sam-
ple extracts, titration, and pH control [7]. This func-
tionality this is accomplished using a reagent input and 
dilution matrix that drastically improves the accuracy 
and precision of the WCL sensing techniques (Fig. 5).  
 
Acknowledgment: NERST is funded by the 
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325, 58. [2] Kounaves, S.P. et al. (2009) JGR 114, 
E00A19. [3] Kounaves, S.P. et al. (2010) GRL 37, 
L09201. [4] Quinn, R.J. et al. (2011) GRL 38, L14202. 
[5] Hecht, M.H. et al. (2009) Science 325, 64. [6] 
Kounaves, S.P. et al. (2010) JGR 115, E00E10. [7] 






Figure 4. Four-inch diameter NERNST microfluidic chip. 
Inputs / outputs and dilution matrix is on the left hand side 
while sensors are distributed on the right. A miniature 2 
mm ISE sensor is shown in the upper right. 
Figure 5. Left: NERNST testbed functional system with 
the sample mixing and dilution manifold incorporated 
with the microfluidic chip. 
Figure 3. Four-inch diameter NERNST microfluidic chip 
CAD photolithography mask design. Inputs / outputs 
(green) and dilution matrix is on the left hand side while 
sensors (red) are distributed on the RHS. 
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Introduction: The Reactivity Analyzer for Soil, 
Ices, and Regolith (RASIR) is an integrated microana-
lytical system designed to simultaneously measure the 
organic content and chemical reactivity levels of mar-
tain surface samples. Target analytes include organic 
compounds, potentially toxic inorganic ions, and reac-
tive soil species expected to play a role in the in-situ 
degradation of organics on Mars. Results from previ-
ous Mars missions, including Viking and Phoenix, 
indicate that reactive and hazardous chemical com-
pounds (e.g., peroxides, superoxides, oxychlorine 
compounds) are produced in the martian radiation en-
vironment. These species and related reactive interme-
diates likely play a role in the degradation of biomark-
ers and limit habitability on the surface of Mars. Addi-
tionally, these compounds can complicate the detection 
of organics by traditional methods (e.g., GCMS) [1] 
and may pose a threat to human health and safety. By 
targeting the detection of both organics and reactive 
compounds, RASIR directly addresses the Mars explo-
ration science goals by detecting trace-level organic 
matter in soil and dust without extensive in-situ sample 
processing, in combination with simultaneous analysis 
of sample reactivity and potential toxicity.  
Technological and Scientific Lineage: RASIR 
represents the next-generation development of the 
Space Environment Viability of Organics (SEVO) pay-
load that was developed for the Organism/Organic 
Exposure to Orbital Stresses (O/OREOS) nanosatellite, 
the first technology demonstration project of the 
NASA Astrobiology Small-Payloads Program. Devel-
oped and flight qualified at a cost of < $1 M, at NASA 
Ames Research Center, SEVO was launched and de-
ployed in low earth orbit in the fall of 2010. SEVO 
utilizes UV-Vis-NIR spectroscopy to measure in-situ 
physical and chemical changes induced in thin-film 
organic samples by their exposure to solar and cosmic 
radiation. The SEVO payload (Figure 1) is housed in a 
10-cm cube, weighs 1.1 kg and contains a microproc-
essor-controlled 24-sample-cell carousel, a UV-Vis-
NIR spectrometer that occupies 1/3 of the cube, and 
fiber optics to transmit light from the sample cell col-
lection optics to the spectrometer [2]. SEVO, as part of 
the O/OREOS nanosatellite, has functioned nominally 
for over 18 months in orbit and attained full mission 
success 6 months after launch. 
In the RASIR implementation of the SEVO pay-
load, direct chemical analysis of martian samples is 
performed by using chemically sensitive thin-film 
probe molecules in combination with fluorescence 
detection. While the hardware platform for RASIR is 
derived from the TRL-9 SEVO payload, the measure-
ment approach is derived from the Mars Oxidant In-
strument (MOI) which was developed to TRL-5 
through substantial NASA investment provided by the 
PIDDP, ASTID, ASTEP, and SBIR funding [3]. By 
leveraging TRL-9 SEVO hardware, RASIR provides a 
cost-effective way to achieve MOI measurement ob-
jectives with a light-weight 10-cm cube platform.  
RASIR  Measurement Approach: Commonality 
between SEVO and RASIR measurement approaches 
allows the direct adaptation the SEVO hardware for 
the analysis of the martain surface environment. SEVO 
was designed to measure spectroscopic changes in 
organic molecules for the study of organic chemistry in 
space environments. The SEVO organic samples are 
deposited as thin films onto an optically transparent 
window that forms the bottom of a sample reaction 
cell. After film deposition, the reaction cell is hermeti-
cally sealed under a controlled atmosphere creating a 
"microenvironment" designed to expose the organic 
sample to a set of chemical and physical parameters 
relevant to interplanetary and planetary conditions [2]. 
Figure 2 shows the UV-Vis spectrum of a SEVO flight 
cell that contains a thin-film tryptophan sample in a 
controlled at ~2% relative humidity atmosphere. 
 
Figure 1. The SEVO fight unit (10x10x10 cm) weighs 1.1 
kg and holds 24 sample cells on a microprocessor-controlled 
carousel. Fiber optics transmit light to a UV-Vis-NIR spec-
trometer that occupies the lower third of the cube. 
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In the RASIR implementation, the thin-film or-
ganic is prepared, as for O/OREOS-SEVO, by vacuum 
sublimation. However, RASIR thin films are used as 
sensors, or probe molecules, to directly analyze mar-
tian samples (regolith, soil, or ice) or passively col-
lected dust. This implementation provides direct line-
age from previously developed technologies that use 
thin-film chemistry to characterize sample organic 
chemistry and redox activity, including the introduc-
tion of alternative reaction pathways for less reactive 
species. 
The RASIR instrument package contains 24 sample 
cells carried in a supporting carousel (Figure 3). The 
sample carousel is rotated with a stepper motor to  
bringing the sample cell into position for optical meas-
urements. Processor and memory to control the entire 
RASIR system, store its spectral and sensor data, and 
interface to a lander or spacecraft bus, are integrated in 
the 10-cm-cube package. Two fluorescence excitation 
sources (solid-state/diode lasers) are directed at 45° 
incidence onto a chemical sensing film supported on 
the inside of a transparent window at the bottom of 
each cell. A UV-Vis-NIR spectrometer (200-1000 nm) 
is used to record the reflectance, fluorescence, or lumi-
nescence spectrum from samples and from each sens-
ing film as a function of time.  
The RASIR chemical sensors are commercially 
available chemical indicators (fluorescent, chemilumi-
nescent, and colorimetric) for the targeted detection of 
organic and inorganic compounds. Target organics 
include: amino acids, carboxylic acids and PAHs. Tar-
get inorganics include: reactive oxygen and oxychlo-
rine species. The response of the thin-film indicators 
are measured in combination with reflectance, fluores-
cence, and chemiluminescence detection. Because en-
tire spectra is recorded, subtle changes that might be 
difficult to reliably detect by single-wavelength emis-
sion intensity changes can be discerned.  
Complex samples can contain multiple species with 
different reactivities and solubilities that can dictate 
probe molecule response and measurement lifetime for 
target species. Accordingly, the RASIR measurement 
approach includes control of temperature and water 
activity to establish and modify the sample environ-
ment and reaction conditions. Relative humidity (i.e., 
water activity) is increased (to saturation) in a con-
trolled manner with heating to trigger the reaction of 
target analytes with the probe molecules; each sample 
cell includes a thermally activated water-release mate-
rial, as demonstrated with the SEVO flight payload.  
RASIR is designed to accept martian samples (re-
golith/soil) directly from an external sampling system 
without in situ sample processing. In the absence of a 
lander/rover sample handing system, RASIR can be 
operated in a passive dust-capture mode using the 
spectrometer to characterize dust loading prior to clos-
ing the sample cells. RASIR also includes sensors to 
measure local solar illumination and ionizing radiation 
dose (Figure 1) to correlate the martain sample chemis-
try with local environmental parameters and hazards. 
References: [1] Boynton et al., Science 325, 61, 2009. 
[2] Bramall et al., Planetary and Space Science, 2012 
doi:10.1016/j.pss.2011.06.014 [3] Quinn et al., Plane-
tary Space Sci., 53, 1376-1388, 2005.  
Figure 3. RASIR instrument package. After soil or dust col-
lection, sample cells are individually sealed using a spring-
loaded lid compression mechanism. Two fluorescence exci-




Figure 2. SEVO spectrum of a tryptophan in a controlled 
relative humidity (2%) sample cell. 
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Introduction:  Turbulent eddies in the planetary 
boundary layer of the terrestrial planet atmospheres are 
the primary mechanism by which energy, momentum, 
gasses, and aerosols are exchanged between the sur-
face and the atmosphere [1].  The importance of eddies 
has long been recognized by the Earth atmospheric 
science community, and turbulent theory for Earth has 
a long history with a massive amount of literature 
backed by over half a century of detailed field cam-
paigns.  Every climate and weather forecasting model 
in existence relies extensively on turbulent eddy theory 
supported through observational validation.  The im-
portance of eddies in atmospheric dynamics, chemi-
stry, and climate science cannot be overstated. 
The atmospheres of the other terrestrial planets are 
no different than Earth.  An understanding of the cli-
mate and weather of these other planets rests upon the 
work and transport of turbulent eddies.    
The Mars science community has specifically rec-
ognized the importance of turbulent fluxes within the 
atmosphere of Mars. The MEPAG Science Goals Doc-
ument has understanding the structure and processes 
operating in boundary layer as its highest priority Cli-
mate Science Goals [2].  It is difficult to conceive of  
other data within the boundary layer that would be 
more valuable than the meteorological parameters 
needed to construct a quantitatively accurate picture of 
the fluxes due to turbulent eddies [3][4][5].  One way 
to make a major rather than incremental leap in the 
understanding of the Mars climate system is to meas-
ure eddy fluxes. 
Although turbulent eddies are critically important 
to understanding climate systems, volatile cycles, dust 
and aerosol cycles, chemical cycles, aeolian activity, 
and the entire energy and momentum budget within 
atmospheres, these eddy fluxes have never been direct-
ly measured on a planet other than Earth.  Additional-
ly, there is a dramatic and glaring paucity of wind, 
temperature, and volatile gas concentration informa-
tion from which one might be able to learn at least 
something about the eddies, even if they are not meas-
ured directly.   
Models of the Martian atmosphere are used to si-
mulate the climate and provide atmospheric predic-
tions for entry, descent, and landing of spacecraft in-
corporate parameterizations of eddies, but have yet to 
be validated [6][7][8][9].  Model estimates of eddy 
fluxes vary by factors of two or more [10][11], and 
these differences can result in different predictions 
about the safety of landing sites, as well as general 
scientific results (e.g., convective updrafts and boun-
dary layer heights).  In the case of the Mars Explora-
tion Rovers, some of the highest priority landing sites 
were determined unsafe solely due to the information 
from unvalidated models.  To further compound the 
lack of data, the measurements needed to quantify the 
eddy processes cannot be made from orbit.  It is ines-
capable that such measurements must be made in situ, 
but at present, there is no mature flight instrumentation 
that can do so. 
We are developing an instrument that combines 
sonic anemometry and tunable laser spectroscopy to 
obtain the desperately needed eddy flux measurements.  
We are focusing our attention on Mars as a proof-of-
concept, but the resulting instrument can be adapted to 
Venus, Titan, or the atmospheres of the ice giants 
(Figure 1).   
Science and Traceability:  The instrument we are 
developing is driven by  the science goals outlined by 
the Mars community in the MEPAG Goals Document, 
as enumerated below:  
1) Obtain measurements of standard meteorological 
parameters: Temperature, humidity, and winds. 
2) Quantify the surface fluxes of momentum and the 
surface stress required for saltation and dust lifting. 
3) Quantify the contribution of the sensible heat flux 
to the global energy budget and provide validation 
for the highly unconstrained model predictions.  
4) Determine the power spectra of turbulence in the 
atmospheric surface layer. 
5) Quantify the atmosphere-regolith exchange of wa-
ter. 
On Earth, turbulent fluxes are often obtained by com-
bining independent measurements from physically 
different instruments.  With an acoustic anemometer 
(AA) and tunable laser spectrometer (TLS), 3-D wind 
information is combined with gas abundance to con-
struct a time series of covariances.  With information 
of atmospheric composition, pressure, and tempera-
ture, the density can be calculated and combined with 
the covariances to determine the eddy flux.  The tech-
nique of using an AA and TLS should be effective in 
other planetary atmospheres, but the implementation 
must be different due to a variety of key issues that 
make the measurements less straightforward than on 
Earth.  These issues include: 1) Importance of sensor 
collocation for measuring small eddies and minimizing 
sensor flow distortion; 2) Compositional changes in the 
atmosphere over time;  3) Contamination of tempera-
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Figure 1.  A commercial anemometer with six sonic 
transducers to obtain the 3-D wind field and tempera-
ture.  We will integrate a Mars TLS with CO2 and H2O 
channels onto a structure of this type by using the struc-
ture itself as the foundation for an optical cell (compare 
to Fig. 1).  The location of the optical mirrors will be de-
termined following trade studies and wind tunnel test-
ing, but are notionally shown in purple.   The acoustic 
and optical path length is ~15 cm.  Mirrors  are ~2.5 cm in 
diameter.  An image (not to scale with AA) of an actual 
mirror  with laser spot patterns is shown in the upper 
left.  Close up of a Mars transducer (~1.5 cm) is shown in 
the bottom left. 
 
 
ture and wind measurements due to solar heating of a 
TLS structure; and 4) Limited resources typically 
available to instruments.  Due to the expected scale of 
eddies, an instrumentation implementation that inte-
grates AA and TLS sensors is a strict requirement.  
Because the TLS and AA sensors are relatively mature, 
technical risk is not from the individual sensors, but in 
the integration. Thus, the focus of the effort is to better 
understand mechanical sensor interactions, mitigate 
those interactions to a level sufficient to achieve mea-
surement objectives, test the mechanical sensor solu-
tion, and find a common, integrated solution for the 
electronics.  Conceptually, our integrated instrument is 
shown in 1. 
Anemometer Description: The Martian AA  is in 
its 3rd year of PIDDP development by Co-I Banfield.  
The instrument has advanced from a proof of concept 
based on commercially available terrestrial AAs to a 
breadboard prototype instrument.  The AA transducers 
have been tested in a Mars-like environment in a ther-
mal-vacuum chamber, and the full sensor capabilities 
will be demonstrated on a stratospheric balloon to fur-
ther replicate Mars-like atmospheric conditions later 
this year. 
The challenge for adapting a commercial AA for 
use on Mars was two-fold: the atmospheric density is 
so low that it is difficult to generate and receive sound, 
and the CO2 atmosphere attenuates high-frequency 
sounds waves much more strongly than does the N2 on 
Earth.  To couple well to the thin Martian atmosphere, 
we used customized acoustic transducers that are de-
signed with very light electrically driven membranes 
that can both produce and sense sound waves at Mars 
with relatively high efficiency. The high attenuation 
and challenges in coupling to Martian atmospheric 
density is tackled with sophisticated signal processing 
techniques (i.e., Pulse Compression borrowed from 
RADAR techniques). 
The AA consists of a computer back-end that con-
trols the initiation of the measurement sequence, as 
well as the computational processing required to per-
form the sophisticated digital signal processing needed 
to extract as much information as possible from the 
received signals.  This computer back-end is now im-
plemented using an FPGA with a clear path to flight.  
It sends a digital representation of the signal to be 
emitted (a “chirp”) to a chirp generation board where it 
is converted to an analog signal, amplified and sent to 
all six transducers (two opposing transducers for each 
of the three orthogonal axes).  This signal becomes a 
sonic signal through the sending element of each 
transducer, transits across the sensing volume (at dif-
ferent rates depending on the temperature and the wind 
vector) and is received at the other end by the receiv-
ing element of the opposing transducer.  The six re-
ceive signals are then each amplified using very spe-
cialized pre-amplifiers and the signals are passed on to 
a receiver board where a final amplification and A-D 
conversion is performed.  These digital signals are 
stored in a FIFO until they are transferred to the FPGA 
on request.  The FPGA then performs a convolution of 
the received signals with the send signal in Fourier 
Space (for speed).  The convolution peak identifies the 
travel time for each signal, and then some simple alge-
bra of these travel times yields the wind speed vector 
and Cs that become the instrument’s fundamental data 
stream. 
The AA has transducers near the final design that 
they will likely attain for use on Mars.  The sensitivity 
is a factor of eight over any commercially available 
transducer under Martian conditions, and the form fac-
tor of the transducers is as small as possible while still 
yielding sufficient signal strength to perform the mea-
surements with the repetition rate (>20 Hz) and accu-
racy (<5 mm/s) desired.  The transducers have been 
tested for 90 cycles oscillating from 0C to -60C, and 
for 3 cycles from 153-273 K, with a single dip to 138K 
(below the CO2 condensation temperature on Mars).  
Performance was unaffected throughout these tempera-
ture swings.  The current FPGA draws about 4W of 
power and is the main power usage on the instrument 
at this stage.  Under the final year of Co-I Banfield’s 
PIDDP effort, the AA will be tested under realistic 
Martian conditions (CO2, pressure, and  temperature) 
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Figure 2.  SWS has proven hardware that serves as the foundation for development.  A VCSEL hygrometer mounted on the 
NSF Gulfstream-V aircraft (left) with a close-up of the entire instrument (center). The electronics box resides inside the air-
craft cabin and the blue pylon (containing the optical cell) protrudes above the fuselage.  Right, a similar VCSEL hygrometer 
packaged for weather balloon applications.  The optical cell is outside the Styrofoam electronics box.   The exernal tubing is 
a “roll cage” to prevent instrument damage on balloon landing. 
at the Mars Simulation Laboratory wind tunnel in Aar-
hus, Denmark and on a stratospheric balloon flight. 
TLS Description: Laser-based instrumentation is 
becoming increasingly common in planetary explora-
tion.  The Phoenix Scout Mission manifested a vertical 
pointing LIDAR, which successfully measured aerosol 
and cloud properties [12].  The Mars Science Labora-
tory has a TLS to measure methane as part of the SAM 
suite of instruments[13][14], and the ill-fated Mars 
Polar Lander had a water TLS [15].  TLSs have also 
been proposed in numerous mission proposals.  In 
short, the TLS concept and instrumentation is mature 
and presents a low-risk solution for measuring a varie-
ty of trace gases in planetary atmospheres.   
Our TLS used as a starting point a compact and 
low-power field-quality TLS hygrometer developed 
and manufactured by Southwest Sciences, Inc. (SWS). 
Versions of this instrument function in the laboratory 
and field environment on Earth [16][17], and have 
been flown on high-altitude balloons, sounding rockets 
and on aircraft (Figure 2).  The SWS instrument con-
sists of a vertical cavity emitting laser (VCSEL) sourc 
and photodetector, a multi-pass optical cell to provide 
a long absorption path in a compact design, and laser 
driving and digital signal processing electronics.  The 
sensor takes advantage of two key technological de-
velopments: 1) a patented multiple-pass optical cell 
design that uses small mirrors and dense spot patterns 
to give a long optical path with a small footprint; and 
2) a low power and compact electronics system.  For 
most gases, wavelength modulated spectroscopy 
(WMS) is used to increase sensitivity [18] and reduce 
1/f noise in particular.  Absorption accuracies to better 
than 10
-5
 are now routinely made in the lab and with 
commercial TLS systems using WMS.  The WMS 
signal is analyzed with multi-linear least squares fitting 
to find the concentration. 
Over the last year, efforts were made to produce a 
new mechanical design of the optical cell sufficient to 
withstand the rigors of spaceflight and the Martian 
environment, as well as a redesign of the electronics 
with space-qualified components (Figure 3).  Impor-
tantly, we also added capabilities for four simultaneous 
laser channels using a single optical cell, which satis-
fies the requirement for both a CO2 and H2O channel 
on Mars.  The new design provides the same functio-
nality as the original SWS design, but uses flight quali-
fied electronics.  The new flight electronics re expected 
to draw less than 500 mW.  SwRI’s Control Electron-
ics Box (CEB) design provides for complete instru-
ment command, control, health and status monitoring 
and science data processing.   The core of the CEB is a 
radiation tolerant Actel RT ProASIC FPGA.  The 
FPGA provides complete spectra line data acquisition, 
real-time processing, and control.  Incorporated within 
the FPGA is an 8051 microcontroller for overall in-
strument commanding, health and status collection, 
and science data formatting prior to transmission.  
Supporting the FPGA are a set of four high perfor-
mance (16 bit) Digital-to-Analog (D/A) converters, 
Analog-to-Digital (A/D) converters for laser control 
and tuning.  Power distribution, temperature monitor-
ing, and active control of the lasers are incorporated 
within the CEB.  
The light source for the TLS is a fiber-pigtailed 
VCSEL 2 µm thick and 5 µm in diameter.  VCSELs 
are available over a continuous range of wavelengths 
from ~1.3 m to 2.6 m.  The manufacturing process 
and performance of the lasers are effectively identical 
in this wavelength region and the lasers are functional-
ly interchangeable.   We have nominally selected a 
VCSEL wavelength of 1.877 m for water, which pro-
vides sufficient line strength to meet measurement 
requirements under Mars conditions.  The CO2 channel 
has not been selected, but there are numerous absorp-
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Figure 3.  Functional block 
diagram and CAD of the 
Mars TLS.  Up to four laser 
channels are possible in the 
sensor front end. Total 
power is <500 mW. Total 
weight is < 1 Kg.  CAD mod-
el (below) shows an all-
aluminum optical cell with 
patented mirrors.  Fiber is 
used to direct the signal 
from a separate laser elec-
tronics box.  Total length is 
~15 cm.   
  
 
tion lines in the VCSEL range from which to choose.  
We will perform a study to identify the best line(s). 
A folded optical path provides a compact design to 
achieve high sensitivity.  Conventional multiple-pass 
cells use spherical mirrors in a Herriott cell [13].  Most 
of the mirror surface is unused. A patented SWS opti-
cal cell [18] replaces the more traditional spherical 
Herriot Cell mirrors, providing a greater percentage of 
mirror utilized, and a path length-to-volume ratio is 
about three times greater than that of the Herriott cell.  
The beam enters the cell at the mirror center and the 
beam exits back through the entrance hole to strike an 
InGaAs photodetector. The laser resides in the pro-
tected electronics housing.     
Atmospheric Composition Changes:  The major 
constituents of Earth’s atmosphere are to a very good 
approximation constant in time.  The result is that tur-
bulent fluxes can be calculated without great concern 
about variations of composition, and small corrections 
can be added for variable water vapor, if desired.  This 
is not the case for Mars, where the dominant gas, CO2, 
varies seasonally by up to 25%.  As CO2 mass decreas-
es, the mass of nonvolatile gases such as N2 and Ar 
increase in concentration.  Water vapor also varies, but 
the overall abundance is so small that its variations are 
negligible.  To calculate eddy fluxes on Mars, know-
ledge of composition is absolutely necessary. As we 
demonstrated from our error analysis, our instrument 
can determine composition if total pressure is also 
measured.  Of all meteorological sensors, barometers 
have the most heritage and the same basic design has 
been successfully deployed in numerous planetary at-
mospheres including Earth, Mars, Titan, Jupiter, Ve-
nus.  We will require a measurement of pressure to 
achieve our stated science goals, but we do not expend 
effort for this sensor since it is TRL-9 and requires 
trivial resources.  We do require CO2 measurements, 
and this can be achieved with our TLS design that al-
lows for up to four separate channels using the same 
optical sensor cell.  By adding a H2O channel to the 
TLS, we further gain the ability to determine the latent 
heat flux.  
Resource Limitations:  Resource limitations are 
almost always a major driver of instrument require-
ments and accommodation.  Integration of sensors to 
use common mechanical assemblies and common elec-
trical components is a natural way to reduce overall 
resources.  If not for the collocation requirement driven 
by measurements, resource utilization alone would be 
a very strong driver for an integrated instrument.  We 
will perform trade studies to balance TLS and anemo-
meter capabilities against integration solutions.  For 
example, larger TLS mirrors may cause more wind 
interference, but provide for a longer pathlength to 
improve TLS sensitivity.   At the same time, shorter 
pathlengths give more signal for the AA, but can de-
grade wind and TLS measurements.  We are targeting 
a total integrated mass of 2 kg=0.25 kg for TLS sensor 
+ 1.0 kg AA sensor and assembly + 0.75 kg for elec-
tronics.  We are targeting 2 W total power.  Currently, 
the TLS is relatively mature at <1 Kg and 500 mW.  
The weight includes the entire optical cell that will 
now become part of the integrated instrument assem-
bly.  The AA is less mature.  The current sensor head 
is based entirely on terrestrial design (2 kg), and has 
undergone very little electronic design for flight (4 W).  
By integrating sensors and scrutinizing mechanical and 
electrical design of the AA, we feel confident that we 
can achieve the resource goal. 
Implementation in Other Planetary Atmos-
pheres: Although focused on Mars, we fully intend for 
this instrument to be applicable to various other at-
mospheres after only very minor modifications. 
Beyond Earth and Mars, three additional issues must 
be considered: 1) TLS wavelength selection to match 
gases of interest; 2) AA transducers matched to the 
acoustic environment; and 3)  the specific environmen-
tal conditions in different atmospheres.  Importantly, 
besides a trivial change in TLS wavelength and appro-
priate selection of a transducer, the rest of the instru-
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ment system remains unchanged.   
CH4 is a primary gas of interest on Titan.  There are 
strong absorption lines in the VCSEL range that permit 
this measurement.  This can also be  accomplished on 
Mars as well with sensitivities down to ~1 ppbV with a 
laser at 2350 nm.    There is also a whole range of gas-
es that could be detected with meaningful sensitivity 
with this instrument for Venus.  Thermal variations are 
greatly reduced in the thick atmosphere of Venus, but 
highly corrosive sulfuric acid becomes an issue in and 
near the cloud layers.    Teflon coating of the mechani-
cal structure and sapphire coatings on the mirrors easi-
ly solve the acid problem with no subsystem design 
changes.  Similar, ultrathin coatings would also be 
suitable to protect the transducers.  Pressures and tem-
perature are Earth-like so that commercial transducers 
are likely to function adequately.  Since the instrument 
electronics (including the laser) can be placed in a 
thermally controlled and sealed environment, the im-
pact of the external environment on these subsystems 
is inconsequential.  Titan has a benign chemical envi-
ronment, but is cold.  For the TLS, the cold tempera-
tures can be advantageous as it reduces thermal noise.   
With a dominant N2 environment, terrestrial transduc-
ers could be used, although they would need to be 
qualified for the cold temperatures.  The instrument 
would also be ideal on probes dropped into the Gas 
Giants.  In short, all these applications require only 
minimal modifications and none of the solutions affect 
major subsystem designs.    
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Introduction:  The OSIRIS-REx (Origins Spectral 
Interpretation Resource Identification Security Rego-
lith Explorer) Mission is a planetary science mission to 
study, and return a sample from, the carbonaceous as-
teroid 1999 RQ36.  The third mission selected under 
NASA’s New Frontiers Program, it is scheduled to be 
launched in 2016.  It is led by PI Dante Lauretta at the 
University of Arizona and managed by NASA’s God-
dard Space Flight Center.  The spacecraft and the as-
teroid sampling mechanism, TAGSAM (Touch-And-
Go Sample Acquisition Mechanism) will be provided 
by Lockheed Martin Space Systems.  Instrumentation 
for studying the asteroid include: OCAMS (the 
OSIRIS-REx Camera Suite), OLA (the OSIRIS-REx 
Laser Altimeter, a scanning LIDAR), OTES (The 
OSIRIS-REx Thermal Emission Spectrometer, a 4-50 
m point spectrometer) and OVIRS (the OSIRIS-REx 
Visible and IR Spectrometer, a 0.4 to 4.3 m point 
spectrometer).  The payload also includes REXIS (the 
Regolith X-ray Imaging Spectrometer) a student pro-
vided experiment.  This paper presents a description of 
the OVIRS instrument.  
OVIRS Overview:  OVIRS is a point spectrometer 
with a 4-mrad field of view (FOV) that provides spec-
tra over the wavelength range of 0.4 – 4.3 µm. It em-
ploys wedged filters (also called a linear variable fil-
ters) to provide the spectrum. A wedged filter is a two-
dimensional spectral filter in which the wavelength of 
transmitted light varies in a well defined fashion with 
position along one of the spatial dimensions. Spectra 
are measured with resolving power R (=/∆) of 125 
in the 0.4 to 0.9 µm spectral band (∆< 7.5 nm); with 
R = 150 in the 0.9 to 1.9 µm spectral band (∆ < 13 
nm); and with R = 200 in the 1.9 to 4.3 µm spectral 
band (∆ < 22 nm).  In addition, the spectral range 
from 2.9 to 3.6 µm is measured with R = 350 (∆ < 10 
nm, ∆ < 10 cm
-1
) to resolve key organic spectral fea-
tures, such as those that have recently been observed 
on the asteroid 24 Themis ([1], [2]). These spectral 
ranges and resolving powers are sufficient to provide 
surface maps of mineralogical and molecular compo-
nents including carbonates, silicates, sulfates, oxides, 
adsorbed water and a wide range of organic species. 
The OVIRS operates in a scanning mode, in which the 
rotational motion of the asteroid is combined with a 
rotation of the spacecraft about the OVIRS scan axis to 
sample a region of interest.  In the expected operational 
scenario, OVIRS will provide full-disk asteroid spec-
tral data, global spectral maps (20-m resolution), and 
spectra of the sample site (0.08 – 2-m resolution). The 
instrument provides at least two spectral samples per 
spectral resolution element (spectral double sampling) 
taking full advantage of the spectral resolution. OVIRS 
complements the OTES instrument; combined these 
instruments produce unprecedented spectral coverage 
of the asteroid surface. OVIRS spectra will be used to 
identify volatile- and organic-rich regions. These data 
will be used in concert with data from all the other in-
struments to guide sample-site selection.  
OVIRS Design:  
Optics. OVIRS uses an off-axis parabolic (OAP) 
mirror to image the surface of the asteroid onto a field 
stop. The field stop selects a 4-milliradian angular re-
gion of the image. The light from this 4-milliradian 
area passes to a second OAP that re-collimates it and 
illuminates the Focal Plane Assembly. Because the 
beam speed is low (~ f/50) this assembly, consisting of 
the array with the filter mounted in close proximity to 
it, is effectively at a pupil. Each detector element of the 
array “sees” the same spatial region of the asteroid but, 
as described below, different columns of the array 
“see” it at different wavelengths. The complete spec-
trum of the 4-milliradian spot is obtained in a single 
measurement. This is somewhat different than the case 
for some wedged filter spectral imagers, where the 
spectrum of a given point is built up over several 
frames (see, e.g. reference [3]).  Because the spectral 
pitch and spectral resolution of the filter may be opti-
mized to match the science requirements in different 
spectral regions, this design is very flexible. It also 
permits great instrument simplification—it eliminates a 
dispersive element and the extensive fore-optics of a 
slit-type spectrometer or the scanning mechanism re-
quired with a Fourier transform spectrometer. 
Focal Plane Assembly. OVIRS uses a 510 x 512 
pixel region of a 1024 x 1024 - H1RG HgCdTe detec-
tor array. H1RG arrays are constructed by hybridizing 
(via Indium bump bonds) a photosensitive HgCdTe 
detector layer, with the appropriate Hg/Cd ratio, to a 
CMOS Read Out Integrated Circuit (ROIC). OVIRS 
will use the array packaging configuration developed 
for the OCO mission and the 4.2 µm-cutoff photosensi-
tive wafer flying on the WISE mission. A cutoff of 4.2 
µm means that the sensitivity at 4.2 µm is 50% of the 
maximum sensitivity. The sensitivity falls roughly line-
arly from near maximum at 4 µm to near 0 at ~ 4.4 µm, 
allowing the 4.2-µm cutoff array to be used for spectral 
measurements at 4.3 µm.  As is now standard practice, 
the array substrate will be removed, allowing photon 
sensitivity over the entire 0.4 to 4.3-µm region. The 
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substrate removal also reduces the effect of spurious 
signals from cosmic rays.  
The filter consists of five 102 pixel x 512 pixel 
wedged filter segments bound together in a single as-
sembly that is mounted within 1 mm of the surface of 
the 2-D detector array. The wavelength of transmitted 
light varies in the 512 pixel row dimension. Because 
the wedged filter segments are near the photo-active 
surface of the array, they effectively make each 102 
pixel column of the array under a given segment re-
sponsive only to a narrow wavelength band. Each col-
umn corresponds to a single spectral element, and a full 
spectrum is created using data from all the columns.   
Pixels within a column will be summed to increase the 
signal-to-noise ratio. Because the wavelength may vary 
somewhat along a column due to spectral “smile” in the 
filter, only those pixels in each column whose central 
wavelength lies within the appropriate spectral range 
will be summed. The central wavelength of each pixel 
will be determined during ground calibration. The 
spectral resolution of the OVIRS filters is well within 
the state-of-the art. For example, LEISA on New Hori-
zons employed filters of resolving power 240 from 
1.25 to 2.5 µm and 560 from 2.1 to 2.25 µm [3]. 
Electronics. Two electronics boards (the LVPS and 
C&DH boards) provide filtered power, control the 
temperature sensors, provide the command and high-
speed data interface and housekeeping telemetry, and 
control the onboard calibrator. A third board contains 
the SIDECAR (System for Image Digitization, En-
hancement, Control and Retrieval) ASIC which con-
trols all array functions, including A/D conversion, bias 
and signal amplification, and detector clocking. OVIRS 
shall use double correlated sampling to reduce system 
noise. All functions required to operate OVIRS are 
supplied by these 3 boards and all three boards are 
functionally redundant. 
In order to obtain the high SNR required for 
OVIRS, at least 30 pixels will be averaged in each col-
umn. This conservative number, used in sensitivity 
modeling, is based on worst-case estimates of both 
spectral "smile" and scattering at segment boundaries.  
The actual number of pixels summed will be deter-
mined in instrument testing.  The data will first be fil-
tered using a pre-measured bad pixel map. To prevent 
cosmic ray events from contaminating the spectra while 
still reducing the data volume, pixels will be averaged 
in subsets before transmission to the ground. Contami-
nated subsets will be removed in ground processing 
before summing the remaining subsets at each wave-
length to obtain the final spectrum.  
Thermal Design. The detector array is thermally 
coupled to a two-stage passive radiator to obtain focal 
plane temperatures of ~105 K. This reduces the dark 
current sufficiently that dark current noise is never the 
dominant noise source with more than a factor of two 
margin.  The camera enclosure shields its contents 
from radiation and contaminants and mounts to the 
OSIRIS science deck. A cold baffle in the optical path 
limits the thermal background signal from the instru-
ment enclosure. In addition, small radiators will reduce 
the temperature of the optics enclosure itself to less 
than 160 K, further reducing thermal background 
noise.   The thermal design is such that, except for very 
low asteroid surface temperatures and very low solar 
reflectance, the measurement noise is dominated by 
source photon noise.  For very low asteroid signal, the 
primary noise term is the low read noise.  This is the 
optimum design from a noise standpoint. 
Test, Qualification, and Calibration Require-
ments:  OVIRS will be calibrated prior to launch and 
the calibration will be checked throughout the mission. 
Spectral calibration will be accomplished using grat-
ings to provide effective monochromatic scanned radi-
ometric sources with R>2,000. Radiometric and rela-
tive response calibrations will be performed using 
NIST traceable calibrated blackbodies and flood 
sources. The quality of the point spread function will 
be assessed using collimated point and extended 
sources. The boresight pointing shall be measured with 
respect to an optical alignment cube on OVIRS.  
In-flight radiometric calibration will rely on three 
methods: an onboard array of miniature black body 
sources (T ~700 K) and tungsten filament sources 
placed at the OVIRS field-stop (and calibrated prior to 
launch), in-flight observations of the Earth and the 
Moon and absolute solar reflectance calibrations. The 
terrestrial and lunar calibrations will occur on the 
OSIRIS-REx flyby of Earth. The on-board solar reflec-
tance calibrations will be carried out occasionally by 
using the spacecraft control system to point the solar 
calibration port at the sun. The combination of these 
methods will provide redundant radiometric calibra-
tion. It is expected that OVIRS will provide spectral 
data with at least 5% radiometric accuracy and no 
worse than 2% pixel-to-pixel precision. Because 
wedged filters are very stable, the spectral calibration 
is not expected to change in flight, however, the Earth 
and Lunar observations will also provide spectral cali-
brations. Spectral calibration is expected to be accurate 
to 0.25 of the halfwidth or better. The dark current and 
background flux will be measured using dark sky ob-
servations. 
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Introduction: The very broad band seismometer is 
a seismic sensor being developed by the Institut de 
Physique du Globe de Paris (IPGP) in France, under 
the funding of CNES, the French national space agen-
cy. It is part of the SEIS (SEISmometer) planetary 
experiment [1] developed by an international consorti-
um under the management of CNES, currently part of 
the core payload for the Martian project InSight [2] 
(Interior exploration using Seismic Investigations, 
Geodesy, and Heat Transfert) from JPL which has 
been pre-selected in the frame of the 2012 Discovery 
mission selection. This paper exposes the latest tech-
nical developments made on the VBB in 2012 and the 
overall testing activities. 
 
Figure 1 : SEIS deployed on the ground next to the InSight 
Lander 
 
VBB principle: The VBB sensor is based on the 
three single axis seismic sensing heads which are 
placed on a tetrahedron recovering the 3 dimensions of 
the seismic waves. The single axis sensor is made with 
a mechanical inverted pendulum stabilized with a leaf 
spring. Seismic motion is then sensed with an electron-
ic DCS (Differential Capacitive Sensor). 
 
Figure 2 : VBB mechanical principle 
 
VBB heritage: The implementation requires several 
specific capabilities to reach the sensitivity goals im-
posed by the science requirements of a Mars mission 
on InSight mission. All thoses capabilities have been 
developed at IPGP [3] (Institut de Physique du Globe 
de Paris, France) starting in 1993 with the Optimism 
payload (10-8 m.s-2/sqrt(Hz) at 1 Hz., [4]) on the Rus-
sian Mars96 mission to Mars, followed with the 
Netlander [5] CNES program in 2003 which reach 10-9 
m.s
-2
/sqrt(Hz) at 1 Hz on a 2 axis seismometer. From 
2006 to 2009, the program was funded by the 
EXOMARS ESA mission and reached a resolution of 
3x10-10 m.s-2/sqrt(Hz) at 1 Hz with a two axis VBB. 
 
Figure 3 : Last 1 axis-VBB prototype (VBB-41) with its 
proximity electronic / 2012 Next version VBB-5 
 
During those 20 years, not only the expertise on the 
mechanical pendulum, but also expertise on the high 
gain capacitive sensor and on the low noise analog 
front-end and feedback electronic were developed, and 
the robustness of the seismic sensor to the space mis-
sion environment was strongly improved. 
 
Sensor expertise: The DCS, as implemented in the 
VBB, is a position sensor. It reaches in its last version 
a precision of several pm/sqrt(Hz) down to the 1/f 
corner frequency of 2.5Hz with  only 30mW power 
consumption per axis. To guarantee this precision for 
all the mission and environmental constraints, a thor-
ough verification has been conducted, in order to know 
the difficulty of temperature, pressure, vibration, 
planetary protection [6] and radiation requirements on 
the electronic. Testing up to 15 kRad of cumulated 
total ionizing dose on the sensitive space parts was 
conducted and demonstrated good robustness of the 
choosen components even for a lunar mission. Also, 
thermal characterisation and robustness tests were 
conducted to characterize drifts of the overall analog 
sensitive electronics. 
SEIS 
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Figure 4 : Sensitive component RH1078 input voltage Noise 
radiation dependency and different configuration DCS noise. 
 
    
Figure 5 : VBB-41 ptotoype sensor head and front-end 
electronic 
 
Mechanical expertise: A full microtomography 
analysis was also conducted with the help of CNES on 
the mechanical parts of the VBB. 
 
Figure 6 : VBB-41 micro-tomography capability at the 
CNES facility 
 
This micro-tomography shows a final control of the 
dimensions of the assembled instrument. The meas-
urements proved that the required 100µm DCS gap 
was achieved with a precision of some 5µm, and simi-
larly all other dimensions were correct. This gives us 
confidence in the ability of reproducing such good axis 
for the incoming missions. 
 
VBB performance: The development and tests 
conducted recently on VBB-31 and VBB-41 Earth 
prototypes, lead to the performance shown in follow-
ing  figure. The performance in the Martian environ-
ment can be extrapolated in a straightforward way 
from the Earth environment with this pendulum de-
sign, unsing the gravity ratio (9.81/3.71). 
Those prototypes are today marginal to the Martian 
InSight mission specification as shown in the follow-
ing figures. 
 
Figure 7 : Earth measured VBB-41 performances around 
Body Waves frequencies done at IPGP facility. Mars per-
formances will be better by a factor of 2.65 due to the pendu-
lum design / 2012-07 Latest VBB-31 Black Forest Observa-
tory (BFO) Integrated Performance Testbench. 
 
Figure 8 : VBB extrapolated sensor performances on Mars 
(Theoretical noise anaysis) 
 
Incoming Flight Models (FM) for the InSight mission 
will take advantage of a fully Mars adapted design 
(mechanical gain improvement, better noise distribu-
tion in the electronic stages, DCS optimization) that 
will provide additional margin to the Martian specifi-
cations. 
 
Conclusion: Stabilized performances has been 
demonstrated with today prototypes. All the 
electronical and mechanical aspects of the presented 
VBB are controlled and reproductible in the many tests 
performed today and in the past years. The work is on 
going at IPGP to develop a specific Mars adapted one 
axis model for the SEIS experiment. It is due for the 
end of 2012, following the nominal schedule. This 
payload will therefore provide high quality seismic 
signal recordings if selected to fly to Mars in 2016. 
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Introduction:  As described in the Decadal Survey 
and the Lunar Exploration Roadmap [1,2], critical sci-
ence and exploration measurements are needed from 
the lunar surface to provide ground truth required to tie 
orbital remote sensing datasets to physical characteris-
tics on the lunar surface. Given the breadth and diver-
sity of lunar geology, such measurements can best be 
made from moving platforms (ie, rovers). Making op-
timal use of such rovers is a key challenge for such 
missions. One payload capability that could substan-
tially facilitate these goals is high resolution imaging.  
The benefits to a rover mission of such a capability are 
threefold: 
• determining where you might want to go (ie, re-
connaissance);  
• seeing where you don’t have time to go (widen-
ing the footprint of the rover along its traverse); 
• understanding where you cannot go (extending 
the rover’s mobility).  
Here, we propose a robust camera, FARCAM, to 
provide this capability.  FARCAM is an adaptation of 
the 100 mm focal length MSL Mastcam instrument, 
modified to meet lunar requirements. This heritage 
strategy enables the development of FARCAM for a 
small fraction of the cost and risk of a new develop-
ment effort.   
MSL Mastcam 100 heritage system: The Mast-
cams on MSL are two cameras with different focal 
lengths and different color filters (optimized for differ-
ent science goals). The longer focal length of the two, 
referred to as “Mastcam 100,” has a 100 mm focal 
length, f/10 lens that illuminates a 5.1° × 5.1°, 1200 × 
1200 pixel FOV (Fig. 1). It can focus from 2.1 m to 
infinity. The Mastcam 100 IFOV is 7.4 × 10–5 radians, 
yielding 7.4 cm/pixel scale at 1 km distance and ~155 
µm/pixel scale at 2.1 m distance.  
Each Mastcam has an 8 Gbyte internal buffer that 
permits it to store over 5,500 raw frames. Each is ca-
pable of losslessly compressing the images, or apply-
ing lossy JPEG compression, in realtime during acqui-
sition and storage, or during readout of the buffer. The 
8 Gbytes is equivalent to a full-scale mosaic of 360° × 
80° in 3 colors with ≥  20% overlap between adjacent 
images and with minimally lossy JPEG compression 
(2× compression). Sub-framing of images is also avail-
able during imaging. Color 144 × 144 pixel thumbnail 
images can be created and compressed during readout, 
or from previously acquired raw or compressed imag-
es. Mosaics of thumbnail images can be used to syn-
thesize wider-angle FOVs. 
The Mastcams have RGB Bayer pattern filters (Fig. 
2) allowing basic three color imaging.. A broadband 
(IR cutoff) filter through which basic RGB imaging 
occurs is included in one of the 8 filter positions within 
each camera’s filter wheel. The science filters are im-
aged through the RGB filter array; for some science 
filters, the throughput in some pixels of the unit cell 
will be poorer than in other pixels, but beyond 700 nm, 
all three Bayer colors have nearly identical throughput 
(ie, they have large IR leaks).  
Mastcam hardware and internal processing permits 
a wide range of operational flexibility. Each camera is 
capable of acquiring images at high frame rates, in-
cluding 720p high definition video (1280 x 720 pixel) 
at ~6 frames per second, and full science frames at 
somewhat greater than 4.5 fps. Traverse of the full 
focus range requires between 45 and 60 seconds, but 
autofocus around a known focus position is accom-
plished much faster. Changes to consecutive filter po-
sitions takes 5–8 seconds, and between 30 and 45 se-
 
Fig. 1. The flight Mastcam-100 camera head.  
 
Fig. 2. Mosiac of 3 Mastcam-100 images of a rock 
sample target provided by Richard Morris, and the 
flight Mastcam Calibration Target (MER Pancam 
spare unit, foreground), imaged from 2.1 m dis-
tance through the broadband Bayer filters. 
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conds to rotate the filter wheel a full 360°. The camer-
as include auto- and commanded-focus capability and 
auto- and commanded-exposure control. Exposure 
times will vary from a few msec to a couple of hundred 
msec, depending on the filter bandpass and the desired 
signal-to-noise ratio. 
FARCAM design: Deriving FARCAM from the 
MSL Mastcam-100 design required a new, but 
straightforward thermal management system, as well 
as some modest modifications to the design to meet the 
specific FARCAM resolution specifications. The cur-
rent design paradigm accommodates several options 
allowing it to be easily tailored for specific lunar sur-
face missions.   
Thermal. Based on our previous experience with 
adapting instruments designed for Mars missions to the 
lunar environment (MARCI and CTX on MRO, which 
became the WAC and NAC on LRO), the key chal-
lenges with instrument design for the Moon are associ-
ated with thermal control. At the equator, the daytime 
surface temperature can be as high as 120° C, and at 
night, it drops to -180° C.  That said, the strategy for 
thermal control in the hot case is fairly simple: mini-
mize solar input from above, maximize rejection of 
heat to the sky (the only heat sink available) and min-
imize IR input from below (radiative from the lunar 
surface and conductive from the structure). The im-
plementation of this strategy is similar to that used for 
the MRO heritage designs on LRO. The electronics 
housings are modified to add an integral flat plate radi-
ator, 15 x 15 cm and horizontal relative to the nominal 
surface (Fig. 3) maximizing the view to space while 
also shading the bulk of the camera. The surface of the 
radiator is silver Teflon (α~0.08, ε~0.80), to limit solar 
input while promoting radiation space. All camera sur-
faces, including the back (bottom) of the radiator, are 
blanketed with multi-layer insulation (MLI) to mini-
mize the substantial infrared input from the surface.  
The unit will also be conductively isolated from the 
spacecraft at its mounting points.   
Because of its fast readout rate (10 MHz), the 
Mastcam camera design can operate at temperatures 
much higher than typical CCD-based flight imaging 
systems. Figure 4 shows two images acquired in Ju-
nocam thermal vac (Junocam uses the same electronics 
design as Mastcam). The upper image, looking out 
through the window of the thermal vac chamber at a 
test target, was acquired with the instrument at -55° C.   
The lower image was acquired with the instrument at 
+70° C. In the high signal level sections of the scene, 
the images are indistinguishable. The +70° C image 
does show more noise in the low signal sections, but 
for the lunar surface application, low signal will typi-
cally correspond to lower sun and, therefore, lower 
temperature. Thermal modeling of the configurationin 
Figure 3 predicts a camera temperature of +25° C in 
the hot (high sun) case. At +60° C (a temperature at 
which the instrument will produce acceptable images) 
the radiator is capable of rejecting 2X the predicted 
heat load, showing substantial margin.  
For the cold thermal case, the instrument is isolated 
from the surface, radiating to the sky but getting no 
solar input (ie, night). To keep the instrument within 
it’s survival temperature range, a heater is required.  
However, since the MSL Mastcam was qualified to 
survive down to -135° C, this survival heat require-
ment is small, ~0.5 W. To heat the instrument to its 
miminim operating temperature of -55° C, to image at 
night, requires less than 3 W.   
The point thermal design described here is for the 
case of a rover operating in the equatorial regions. Fur-
ther optimization is possible for lower higher latitudes, 
a  less challenging thermal environment.   
Resolution. Based on an initial assessment of a lu-
nar rover mission requirements [3], the FARCAM res-
 
Fig. 3. The FARCAM radiator configuration.  
 
Fig. 4. Two images taken by the Junocam flight 
unit during thermal vacuum testing. The upper im-
ages was acquired at -55° C. The lower images was 
acquired at +70° C. 
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olution requirement is set at 5 × 10–5 radians, about a 
third better than Mastcam, yielding a pixel scale of 5 
cm at 1 km or 1 m at 20 km.  This scale is achieved by 
modifying the heritage Mastcam 100 design to a 
smaller pixel detector (5.5 µm vs. Mastcam’s 7.4 µm), 
a slight increase in focal length (110 mm vs. Mast-
cam’s 100 mm) and a modest increase in aperture to 
maintain Mastcam’s pixel scale to focal ratio (and thus, 
MTF). Each of these modification is in-family with 
limited development modifications done on previous 
flight instruments. Three versions of the Mastcam de-
sign, with three different focal lengths, were developed 
for MSL. While the optical configuration of each of 
these three is different, the mechanical and mechanism 
design is the same. Likewise, we used the same camera 
electronics with small modifications to drive different 
Kodak (now Truesense Imaging) CCDs.  So, overall, 
these changes for FARCAM can be implemented for a 
fraction of the original development cost of Mastcam. 
Color options. Different science goals will poten-
tially have different color imaging requirements. The 
design described here is modular with respect to color 
in multiple ways. If only panchromatic imaging is re-
quired, the filter wheel can be left out and a panchro-
matic sensor implemented. If narrowband color imag-
ing is required, a panchromatic sensor can be used with 
the filter wheel. If broadband, RGB color is required, a 
version of the detector with a Bayer pattern filter will 
suffice. Like a consumer digital camera, FARCAM 
performs the Bayer pattern interpolation to produce 
color images from the raw Bayer pattern CCD output.  
Finally, both the Bayer pattern CCD and filter wheel 
can be used together, to provide both the RGB color 
capability (imaging through a broadband filter in the 
filter wheel) and narrowband color (interpolating over 
whatever pixels in the Bayer pattern have no signal in 
that particular band). As described above, this latter 
scheme is the approach implemented in the MSL 
Mastcams.  
FARCAM specifications.  FARCAM is an f/8, 110 
mm focal length system with 5.5 µm pixels and a 2336 
x 1752 pixel format. It has a pixel scale of 5 × 10–5 
radians (5 cm per pixel at 1 km), and a field of view of 
6.7° x 5.0° (117 m x 88 m). Optionally, it can be pan-
chromatic, RGB color, or have a six position filter 
wheel. The externally mounted camera head has a 
mass of 1.2 kg including thermal control hardware. 
The rover-internal buffer/compressor system has a 
mass of 0.9 kg. The system uses 7.5 W idle, and 12 W 
while imaging. All of the elements of the FARCAM 
design have a NASA TRL of 8 or 9, having be flown 
on MSL or LRO. 
FARCAM performance: The purpose of 
FARCAM is to view targets at a distance of hundreds 
of meters to kilometers to evaluate them as candidates 
for closer study, or to characterize them at a distance 
because closer evaluation is not feasible due to time or 
terrain constraints, or hazard evaluation. The best 
available illustration of such imagery are long focal 
length (500 mm) pictures shot on the lunar surface by 
the Apollo astronauts (Fig. 5).  FARCAM can provide 
comparable resolution out to a distance of two km,  
thus visually sampling an area four km wide by the 
length of the entire rover traverse. By increasing the 
area studied by the rover by an order of magnitude or 
more, FARCAM makes the rover a more efficient tool 
for lunar surface exploration.  
 
Conclusions:  FARCAM, a camera to provide long 
range reconnaissance capability on lunar rover mis-
sions, is a straightforward evolution of the MSL Mast-
cam 100 mm focal length camera, and would provide 
this key capability at modest development cost and 
risk.   
References: [1] Committee on the Planetary Sci-
ence Decadal Survey; National Research Council, 
2011.  [2] LEAG Exploration Roadmap (2011).  [3] 
Robinson, M. S. et. al. (2011), LEAG Annual Meeting.  
 
Fig. 5. Apollo 15 image of the far wall of Hadley 
Rille, approximately 2 km away, with approximately 
the same resolution and format as a FARCAM 
frame. The red ellipse indicates a layered outcrop of 
basaltic bedrock.     
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MULTISENSOR NETWORK DEPLOYMENT USING LOW COST DELIVERY SPACE VEHICLE. R. A. 
Saleh1, C. H. Thurber2, and L. P. Kestay1, 1U. S. Geological Survey, Astrogeology Science Center, 2255 N. Gemini 
Drive, Flagstaff, AZ 86001, USA, rsaleh@usgs.gov. 2University of Wisconsin-Madison, Department of Geoscience, 
1215 West Dayton  Street, Madison, Wisconsin 53706-1692, USA, thurber@geology.wisc.edu. 
 
Introduction: At the present time, there are no sensor 
networks that operate and transmit data on planets and 
non-terrestrial moons [1].  Multisensor networking how-
ever is a proven technology with high success rate in a 
number of applications.  These include forest stand man-
agement, bridge and dam fatigue measurement, real time 
monitoring of tactical theater of combat operation, and 
others.  The envisioned system represents a multiphase 
mission that leads to deployment of multisensor network 
[2] to transmit real time or near-real time observation of 
multiple phenomena, environmental factors, and events, 
at the surface and subsurface of the selected solar system 
body (planet, minor planet, or natural satellite).  Unlike 
other envisioned systems [3,4], the core idea of this  
Rationale: The envisioned system would offer real 
time, cost effective, long term, observation of multiple 
phenomena and critical events at the surface and subsur-
face of planets and non-terrestrial moons.  Examples in-
clude geochemical changes, seismological activities, cata-
strophic events such as impacts or volcanic activity, tran-
sient phenomena such as mass wasting or atmospheric 
storms, and environmental monitoring. 
Conceptual Design: The network, or multiple net-
works, is/are emplaced by using specialized delivery 
pods.  These pods are equipped with semi-autonomous 
guidance and deployment mechanisms.  The pods are 
carried, and later ejected, using low cost space vehicles.  
A pod is ejected as a result of specific environmental 
triggers with or without control from ground station.  
Once a pod is ejected, it travels towards the surface of the 
target body to deploy the sensor network.  Deployment of 
the sensors is executed in a way that ensures largest spa-
tial distribution and safe landing.  Once the sensors are 
deployed, a signal activates the network to initiate valida-
tion and operational protocols.  The sensor network is 
programmed with intelligent logic to control selectivity of 
master/slave nodes, wake up/sleep periods, phenomenon 
re-focus, data management, and transmission epochs.  
Challenges/Solutions: Several technological chal-
lenges must first be overcome to realize the desired out-
come.  These and some of the solutions being developed 
include the need for a sustainable power source [5], sur-
vivability during entry, descent, and landing and in the 
hostile environment of the target surface [6], connectivity 
failures, and transmission limitations [7].  Development 
of a full-scale planetary sensor network can readily be 
executed in phases, to ensure flexibility, refined cost es-
timates, addressing and solving technological challenges, 
and design review and optimization during the transition 
from one phase to the next.   
Production Phases: In phase 1, a sensor network and 
the pod delivery system would be designed.  In this phase, 
a target body consistent with NASA strategic plans for 
space exploration would be identified.  The target planet 
or moon would be of least environmental hostility, yet of 
highest interest for scientific observation.  For a proof of 
concept, an adequate number of highly inaccessible sites 
on Earth would be selected for prototype testing and 
evaluation.  The added benefit of this project is its ap-
plicability for inaccessible Earth areas, such as pending 
volcanic eruptions or increasing seismological activities.  
In phase 2, the sensor network prototype would be pro-
duced, and then tested at selected sites using simplified 
airborne delivery mechanism.  Based on test results, a 
detailed end-to-end system with accurate cost estimate 
would be defiend.  In phase 3, the end-to-end system 
would be produced, the pods tested, and mission launch 
plans be finalized.  At phase 4, the space vehicle would 
be launched, and the sensor network be deployed, validat-
ed, and become operational. 
Final Remark: Feedback on the challenges and the 
solutions are solicited for the envisioned system. 
References: [1] Tinker, M. (2012) “Mi-
cro/Nanosatellite Mars Network For Global Lower At-
mosphere Characterization,” Proc. Concepts and Ap-
proaches for Mars Exploration. [2] Noca, F. et al. (2001) 
“Nanotube-Based Sensors and Systems for Outer Plane-
tary Exploration,” Innovative Approaches to Outer Plane-
tary Exploration 2001–2020. [3] Clark, P. et al. (2002) 
“ANTS: Applying a New Paradigm to Lunar and Plane-
tary Exploration,” Solar System Remote Sensing. [4] 
Clark, P. et al. (2002) “ANTS: Exploring the Solar Sys-
tem with an Autonomous Nanotechnology Swarm” 33rd 
Lunar and Planetary Science Conference.[5] Stürmer, A. 
(2012) “Design for a Micro-Sized Mars Probe,” Proc. 
Concepts and Approaches for Mars Exploration.  [6] 
Thornblom, M. et al. (2012) “Systematic And Widespread 
Exploration With Aerocoasting And Reconnaissance Of 
The Martian Sub-Atmosphere (Swarms),” Proc. Concepts 
and Approaches for Mars Exploration. [7] Kuiper, T. et 
al. (2012) “Cubesat Constellation for Communications 
and Mars Radio Monitoring,” Proc. Concepts and Ap-
proaches for Mars Exploration. 
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Introduction: Converting space image data into 
meaningful datasets is a cartographic process involving 
the georeferencing of data into a defined planetary co-
ordinate system, albeit with details that vary from one 
imaging system to the other.  Such processing requires 
the development of a geometric “sensor model” or 
“camera model” and related set of software tools that 
are compatible for downstream analyses and planetary 
cartographic production.  The lack of adequate and 
consistent information about space imaging systems 
presents a major bottleneck to both the development of 
the needed analysis tools and consequently to subse-
quent cartographic production, with measureable cost 
consequences to NASA and the planetary research 
community it supports.  
This abstract presents a multiphase approach that 
would aim at establishing standards by NASA for all 
future space imaging systems.  These standards involve 
documenting design stage technical specifications, ge-
ometric properties, clearly defined calibration proce-
dures to be conducted pre-launch and in-flight, and 
comprehensive reporting of the outcome of the camera 
calibration.    
 
Rationale: There are numerous space imaging sys-
tems that have been launched strictly for planetary sci-
entific studies and cartographic mapping purposes. The 
design of such systems is affected by various factors, 
such as: 
• The current state of the art in flight-qualified tech-
nologies for detectors, optics, structures, and data 
processing 
• Detailed geometric descriptions characterizing the 
instrument;  
• Target planet, phenomena, and flight category;  
• Hardware considerations, electronic circuitry, power 
supply, downlink and data transfer; 
• Stability, thermal resistance, and quality of optical 
positioning;  
• Cost and financial constraints; and  
• Payload constraints. 
Thus, for example, cameras used in the US lunar and 
planetary program have ranged from framing cameras 
with wide-angle refractive optics using photographic 
film (Apollo Metric camera) to a pushbroom scanner 
with complex, multi-surface refractive optics and a 
total of 14 solid-state detector arrays (MRO HiRISE).  
Detailed information about the many space imaging 
systems is crucial for planetary science because it is the 
first link in the chain from raw observations to scientif-
ically useful high level products (see abstract by Archi-
nal et al., this conference); thus there is a need for es-
tablishment and enforcement of standards of the de-
scription of these systems.  Such standards would facil-
itate development of complete camera models required 
for image analysis, developments of processing tools, 
software compatibility, and planetary cartographic pro-
duction.  Lack of these standards is costly and some-
times prohibitive to derive meaningful information 
from the acquired image data. 
 
Proposed work: The solution is to establish stand-
ards for describing and documenting all design stage 
and pre-launch geometric aspects of future space imag-
ing systems.  This solution can be realized in three 
phases described as follows 
 
Phase 1: Making the Case: In this phase, a convinc-
ing argument would be presented in the form of a study 
that would make the case for standards through 
cost/benefit analysis.  The goal here is to facilitate the 
willingness to adopt and adhereto the standards. The 
study would present specific quantitative measures to 
demonstrate: 
1. That lack of standards does impose a substantial 
and unnecessary cost overhead in developing the 
camera models and adjunct analysis tools and soft-
ware development.  Conversly, the study would 
demonstrate that proposed standards would bring 
about measurable savings on developing the camera 
model and related software tools. 
2. That lack of a standard form for camera calibration 
reports increases the uncertainty of both, the magni-
tude of errors and source of accuracy degradation in 
control nets and cartographic products.  
 
Phase 2: Initial Standards Development: Phase 2 is 
the core development of the standards, including but 
not limited to: 
1. A set of standards for design stage technical speci-
fications, geometric, radiometric, and spectral prop-
erties. 
2. Clearly defined description of precedures for pre-
launch and in-flight calibration; and 
3. Comprehensive reporting language of the outcome 
of the pre-launch and in-flight calibration as defined 
in the calibration procedures in #2.    
 
Phase 3: Implementing the Standards: Following the 
study in Phase 1 and the standards in Phase 2, the out-
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come would be transmitted to NASA to formally adopt 
the standards and publish them to the public.  The goal 
is that these standards would be listed as a requirement 
in any new Announcement of Opportunity (AO).  In 
addition, NASA would stipulate that the calibration 
report would be submitted for review and approval 
prior to launch.  The USGS Astrogeology Science Cen-
ter could serve as the technical reviewer of the design-
stage and pre-launch documentation.  Finally, the de-
velopement of new and more complicated sensors may 
require periordic standards addendums or amendments.  
 
Conclusion: Feed back on the needs for such 
standards, the phasal approach presented, and the de-
sired cost savings outcome are very much solicited for 
this effort.  We are particularly interested in working 
closely with the developers of past, present, and no-
tional camera systems to maximize the simplicity and 
consistency of calibration reports while ensuring that 
the documentation standards capture the details of even 
the most complex instruments. 
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REDUCING SPACE-BASED SCIENCE INSTRUMENT COST AND MASS WITH A MODULAR OFF-
THE-SHELF SYSTEM.  J. A. Schaffner1, M. A. Ravine1, and M. A. Caplinger1, 1Malin Space Science Systems, 
Inc., P.O. Box 910148, San Diego, CA 92191, USA, e-mail: cameras@msss.com 
 
 
Introduction:  Cost and mass continue to be driv-
ing constraints in deep space instrument development.  
These constraints may result from programmatic con-
siderations, as is typical on competed missions, or they 
may come from engineering factors, such as the small 
mass necessitated by high delta-V lander or probe mis-
sions.  Either way, the science return from any such 
instrument is a strong function of its mass and cost 
efficiency.   
Modular systems can enable cost reductions 
through economies of scale, by allowing duplication 
and re-use of design elements.  Modularity can also 
enable mass reduction, by providing a larger base over 
which to amortize new, lower mass technology devel-
opment.  However, science instruments for space mis-
sions are often “one-off” developments with little 
modularity and proprietary internal interfaces. Malin 
Space Science Systems, Inc. (MSSS) has an extensive 
heritage of science instruments with various types of 
modularity. The ECAM platform (Figure 1), originally 
conceived for engineering camera applications, is ar-
chitected to further this modular off-the-shelf ap-
proach.  An ECAM system can have one, four or eight 
camera heads, integrated with a digital electronics that 
provides gigabytes of buffer and a capable hardware 
and software processing system.  Science-grade cam-
eras for the ECAM platform are currently in develop-
ment at MSSS and will offer reduced cost and mass, 
shorter development times, and lower development 
risk for small science instrument applications. 
 
Figure 1 - ECAM 4-port Digital Video Recorder and CMOS 
Camera 
Heritage of Modularity at MSSS: The technical 
underpinnings and architectural concepts of ECAM 
have evolved from MSSS heritage on numerous deep 
space science instruments and earth-bound engineering 
cameras, including (listed starting with the most recent 
delivery): 
• Junocam on Juno (Jupiter orbiter) 
• Mast Camera (Mastcam) on Mars Science 
Laboratory (MSL) 
• Camera Monitoring Assembly (CMA) on a 
classified LEO mission  
• Mars Hand Lens Imager (MAHLI) on Mars 
Science Laboratory (MSL) 
• Mars Descent Imager (MARDI) on Mars 
Science Laboratory (MSL) 
• Lunar Reconnaissance Orbiter Camera (LROC) 
on Lunar Reconnaissance Orbiter (LRO) 
• Mars Descent Imager (MARDI) on Phoenix 
lander 
• Context Camera (CTX) and Mars Color Imager 
(MARCI) on Mars Reconnaissance Orbiter 
(MRO)  
• Thermal Emission Imaging System (THEMIS) 
Visible Camera on Mars Odyssey (MO) 
• Mars Descent Imager (MARDI) on Mars Polar 
Lander (MPL) 
• Mars Color Imager (MARCI) on Mars Climate 
Orbiter (MCO) 
While each of these instruments had unique 
requirements, they also share common traits and 
leverage various modular strategies. 
Partitioning of Sensor and Processing/Interface 
Design Elements.  LROC, Mastcam, MARDI, MAHLI, 
and Junocam are all partitioned as shown in Figure 2, 
with one or more sensor heads with digital and power 
interfaces to a digital element that provides the 
spacecraft interface and some combination of pre-
processing, compression, storage, post-processing, and 












Figure 2 - Partitioning of Sensor, Processing, Storage, and 
Spacecraft Interface Functions 
The processing element also includes power 
converters and filtering to supply the sensor heads with 
relatively quiet regulated power from a single +28V 
power input from the S/C. 
This partitioning is driven by one or more of the 
following design concerns: 
• Minimize mass and volume at the location of 
the sensor head (e.g., MAHLI is mounted on 
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the crowded turret at the end of a robotic arm). 
• Maximize survivability in harsh thermal or 
ionizing radiation environments (e.g., the MSL 
camera heads are exposed to the extreme 
Martian climate and Junocam is fully exposed 
to the harsh Jovian radiation environment; 
partitioning allows much of the instrument to be 
located within the S/C bus enclosure, where the 
environments are more benign). 
• Support multiple sensors from one spacecraft 
interface (e.g., LROC includes two narrow-
angle cameras and one wide-angle camera, but 
these were proposed as one instrument with one 
interface to the spacecraft). 
• Minimize mass and power by sharing 
processing and storage between multiple 
sensors (e.g., CMA used two sensors with two 
fields of view, but both sensors share the same 
pre-processing, compression, and storage 
functions). 
Integral to this partitioning approach is this design 
strategy: make the sensor element as simple as 
possible, providing bare-bones functionality at the 
lowest possible level of abstraction. To minimize mass 
and volume, the sensor heads typically utilize a one-
time programmable Field Programmable Gate Array 
(FPGA).  
Conversely,  the digital processing/interface 
element typically utilizes a Static Random Access 
Memory (SRAM) type FPGA, which is configured at 
power-on from external memory. The architecture may 
include various types of configuration memory that 
allow in-circuit re-programming by dedicated electrical 
interface prior to flight, and/or in-flight 
patching/reconfiguration of logic and/or software.  
Experience has shown that the part of the system 
with interfaces to the spacecraft is most likely to 
require patching, and by putting as much of the system 
complexity in the parts of the system that can be 
reconfigured, we maintain maximal flexibility to 
address issues that may be discovered late in the 
integration and test flow. 
Duplication of Design Elements.  Some design 
challenges are best solved with more than one copy of 
the same sensor head. For LROC, two identical 
Narrow-Angle Cameras (NACs) placed side-by-side 
meet the resolution and field-of-view requirements. 
For CMA, two identical sensors with different optics 
provide the necessary views without need for more 
complex and expensive pan/tilt or zoom/focus 
mechanisms. 
Systems using duplicate design elements also 
benefit from economies of scale. Dating back to MCO-
MARCI, the Medium Angle (MA) and Wide Angle 
(WA) cameras used identical electronics with different 
optics and color filter arrays, to reduce cost and 
development time.  
MSL realized substantial cost savings by using one 
electronics and logic design for all four camera 
head/processing element sets required for Mastcam, 
MAHLI, and MARDI.  
Re-use of Design Elements.  Substantial reductions 
in cost, schedule, and risk can be realized by re-using 
existing, proven, design elements. For LRO, the 
electronics of the NAC were derived with minimal 
hardware modification by speeding up the Context 
Camera (CTX) electronics from the MRO mission. 
The Wide Angle Camera (WAC) used the MCO-
MARCI electronics design (build-to-print). In fact, the 
MCO-MARCI electronics were used, without 
modification, for MPL-MARDI, THEMIS-VIS, 
Phoenix-MARDI, and MRO-MARCI, as well.  
For Junocam, the camera head used a build-to-print 
copy of the Mastcam/MAHLI/MARDI electronics with 
the FPGA logic revised to provide Time Delay and 
Integration (TDI) capability.  
The primary objective of ECAM is to coalesce all 
of these modularity strategies into an off-the-shelf 
hardware platform that maximizes flexibility, 
minimizes cost and spacecraft overhead, and uses 
standardized, configurable, modules with standard 
interfaces. 
Baseline ECAM Modular Off-The-Shelf 
Platform:  The baseline ECAM platform is comprised 
of: 
• Digital Video Recorders (DVRs) 
• Compact cameras with standardized electrical 
and optics interfaces and configurable mounting 
options 
• Standard lens options 
Each ECAM system consists of a DVR and one or 
more cameras or sensors. DVRs are available in 
configurations supporting one, four, or eight sensors 
from a single spacecraft interface.  
Sensors interface to the DVR through a 
standardized interface that provides power and data on 
a single cable, with pin counts minimized to reduce 
cable mass. The sensor data interface is SpaceWire [1], 
operating at up to 200 Mbit/s, and sensors are supplied 
+5V regulated power.  
All ECAM system components are designed for a 
minimum 5 year life in a GEO radiation environment. 
The mechanical configuration accommodates 
additional radiation shielding for longer lifetime 
requirements. 
CMOS Cameras.  The ECAM-C30 acquires 
2048x1536 format color images with 3.2µm pixel 
pitch. The ECAM-C50 acquires 2592x1944 format 
images with 2.2µm pixel pitch; either Bayer pattern 
(color) or monochrome versions of this sensor may be 
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selected.  
The C30 and C50 camera heads share an identical 
form factor, measuring 65x65x49mm with a mass less 
than 250g (without optics or mounting brackets). One 
of the configurable mounting options is illustrated in 
Figure 3. In total, four different mounting orientations 
are possible using the standard mounting brackets. 
 
Figure 3 - ECAM-C30/C50 in z-axis mounting configuration 
(U.S. quarter shown for scale) 
Long-Wave Infrared Microbolometer Camera.  The 
ECAM-IR1 uses an uncooled amorphous silicon 
microbolometer to acquire 384x288 format images 
with 25µm pixels in the Long Wave Infrared band (8-
13µm wavelength). 
Optics.  A basic set of three standard lens options 
are offered for the ECAM-C30/C50, with 
specifications summarized in Table 1. These optics are 
fixed focus, have no moving parts, are athermalized to 
provide stable performance over a wide temperature 
range, and are built to withstand the hazards of launch 
and long-term operation in orbit. 
Table 1 – Standard ECAM Optics Summary 
Parameter NFOV MFOV WFOV 
Mass (g) 100 95 90 
Dimensions  
(mm, Diameter x Height) 
58x90 58x82 58x76 
Effective Focal Length (mm) 12.6 7.1 4.7 
Focal Ratio f/3.5 f/3.5 f/3.5 
Horizontal FOV (°, w/C30) 29 50 88 
Vertical FOV (°, w/C30) 22 38 63 
Operating Temperature (°C) -55 to 60 
 
The standard lenses are adapted from optics 
designs developed originally for the MSL cameras. 
Figure 3 shows the NFOV lens, which flew on CMA. 
For missions with requirements that cannot be 
addressed by the standard lens options, MSSS 
develops custom optics with fields-of-view from 5° to 
180° using standard refractive optics. Longer focal 
lengths are supported using catadioptric and reflective 
telescopic optics. Additional capabilities for custom 
optical systems include motorized focus adjustment 
and zoom lenses. 
Digital Video Recorders (DVRs).  There are three 
configurations of DVRs, supporting one, four, or eight 
sensor heads.  The DVR4 is shown in Figure 4. 
The DVR data interface to the spacecraft is 
comprised of eight LVDS differential pairs (RS-422 
optional) in each direction, split across redundant 
connectors with independent drivers and receives. The 
interface is implemented in programmable logic, 
allowing substantial customization. The interface 
signals may be utilized in a redundant configuration to 
improve reliability, or may be used in parallel to 
improve transfer rates. Signaling protocols ranging 
from a simple (very slow) asynchronous interface, 
synchronous serial (moderate speed), or SpaceWire 
(high speed)  may be implemented. Synchronous 
parallel interfaces are also possible, providing higher 
throughput at lower clocks speeds and with less 
complexity than SpaceWire. 
DVRs accept redundant +28V power, and include 
appropriate filtering to comply with typical MIL-STD-
461 electromagnetic compliance requirements. 
The DVR architecture utilizes a resource-rich 
SRAM-based FPGA, on which an embedded controller 
with custom logic peripherals is configured. The logic 
peripherals implement the signaling protocols for the 
sensor head and spacecraft interfaces, memory 
controllers for the volatile and non-volatile buffers, 
and image processing and compression functions. 
 
Figure 4 - ECAM-DVR4 4-port Digital Video Recorder 
Logic peripherals are only utilized for processing 
functions that cannot be performed sufficiently quickly 
by the embedded processor.  
The embedded processor runs the instrument flight 
software, which implements the higher-level layers of 
the camera and spacecraft interface protocols and 
orchestrates all functions performed by the logic 
peripherals. Flight software may also perform software 
post-processing of data, i.e. the Z-stack processing in 
MAHLI [2]. 
DVRs include a 128MB volatile buffer and non-
volatile buffers of 8, 16, or 32GB. The baseline system 
performs JPEG (lossy) and Huffman first-difference 
lossless compression. JPEG2000, LOCO-I,  or H.264 
compressors may also be implemented. 
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Depending on the particular requirements of the 
mission, several operations concepts are possible, such 
as: 
• Sensor data is processed and compressed at 
acquisition-time and buffered in compressed 
form for later playback to the spacecraft; allows 
for storage of more data. 
• Sensor data is buffered in raw form, and 
compressed at playback-time: allows for 
transmission of data at more than one 
compression ratio and ad-hoc 
reprocessing/retransmission of data subsets. 
• Sensor data is streamed directly to the 
spacecraft (compressed/processed or raw). 
Custom Peripherals.  In addition to sensors, the 
DVR ports may also support custom peripheral devices 
such as light sources and mechanisms (i.e. small 
pan/tilt platforms, sample manipulators, etc.).  
Standard Flow.  Based on prior experience from 
numerous NASA missions, MSSS has developed a 
standard assembly and screening program. 
Development begins by enumerating requirements, 
establishing an ICD, and developing an engineering 
model system for early verification.  
Flight processing includes board-level burn-in and 
thermal-cycle acceptance, system-level vibration and 
thermal-vacuum testing, and EMC qualification of a 
non-flight assembly. This program is tailored to 
address mission-specific requirements and test levels. 
Flight Heritage.  The ECAM platform derives 
substantial heritage from the MSL instruments, with 
CMA representing the first flight of an ECAM 
prototype, bringing the ECAM system to TRL 7. 
Science-Grade ECAM Cameras:  MSSS is 
currently developing several science-grade cameras 
compatible with the ECAM platform. Below is a 
summary of these various cameras.  
Scientific CMOS, Visible Bands.  Rivaling the 
performance of CCD cameras, the ECAM-C55S 
scientific CMOS camera uses a high performance 
2560x2160 format sensor with 6.5µm pixels. The 
sensor can operate in rolling shutter or global shutter 
modes and achieves less than 2 e- RMS noise at 30 fps 
in rolling shutter mode, with a dynamic range in excess 
of 15000:1. This camera will be available with 
monochrome and Bayer pattern color sensors. 
Large-Format Long-Wave Infrared (LWIR) 
Microbolometer.  Evolving the ECAM-IR1, the 
ECAM-IR8A acquires 1024x768 format LWIR images 
with a 17µm pitch amorphous silicon microbolometer 
array. While the IR1 uses integrated video amplifiers 
and A/D converters, the IR8A utilizes an external 
analog processing and conversion signal chain. For a 
30 Hz frame rate, the 300 K average temporal pixel 
NEΔT of the array is better than 60 mK. 
Uncooled InGaAs Short Wave Infrared (SWIR). 
With its 1280x1024 format sensor with 15µm pitch, 
the ECAM-SW13 images in the 0.9-1.7µm band. The 
noise of this sensor is less than 95 e- RMS and the 
dynamic range is 1000:1 in high-gain mode. Two-point 
non-uniformity correction (offset and gain) will be 
performed within the DVR.  
Back-Illuminated CMOS Ultraviolet (UV) and 
Near Infrared (NIR).  Using a 1280x1024 format back-
illuminated CMOS sensor with 10.8µm pitch, the 
ECAM-BI13 is optimized for sensitivity from 200nm 
to 900nm. With appropriate narrow-band filters, this 
camera supports applications in the UV and NIR 
bands. The read noise is 30 e- RMS with 40 Ke- full 
well capacity. 
Example Application, Mars Weather Camera:  
To illustrate the application of the ECAM modular off-
the-shelf architecture to a science instrument, we 
consider the case of a Mars weather camera.  From 
1999 to 2006, the wide angle system on the Mars 
Orbiter Camera (MOC) on Mars Global Survey 
provided daily global weather maps of Mars in two 
visible bands.  These low resolution (3-7 km pixel) 
images, acquired at local 2 PM, provided the uniform 
spatial and temporal sampling and the duration of 
coverage (3 martian years) to reveal the details of the 
martian weather patterns over the year, and to begin to 
show how those patterns varied from year to year.  In 
2006, the Mars Color Imager (MARCI) on the Mars 
Reconnaissance Orbiter began acquiring the same type 
of coverage from a 3:30 PM orbit, but in five visible 
and two ultraviolet (UV) bands.  The UV bands allow 
MARCI to track ozone, which is anticorrelated with 
water in the martian atmosphere.  Between MOC and 
MARCI, we have a continual record of the global 
afternoon weather for over six martian years.   While 
continuing this record forward past the operation of 
MRO and extending it to other times of day are high 
priorities in studying Mars’s weather, it would be at 
most a secondary goal of any future Mars orbiter.  
Being able to address this goal with a compact, low 
cost instrument will provide more options for it to fly 
as a subsidiary instrument, whatever the primary goals 
of the mission.   
An ECAM-based Mars weather camera would 
consist of a DVR4 unit and four camera heads.  Each 
of the camera heads would cover a different 
wavelength band: 
Visible.  Visible imaging is performed using the 
ECAM-C55S scientific CMOS camera. A 140° field of 
view lens gives this camera a limb-to-limb swath.  The 
visible camera images in two bands:  400-450 nm and 
575-625 nm.  These “blue” and “red” bands are the 
same as those used on MGS MOC and MRO MARCI 
to discriminate between water-ice clouds and dust 
clouds.  The colors are provided by two  fixed-
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mounted strip filters which cover the width of the 
detector in the cross-track direction and use the 
spacecraft motion to scan the image.  This is the same 
“pushframe” imaging approach used on MARCI, and it 
provides the color capability for low mass and without 
moving parts.  In addition to providing the low 
resolution swaths for the daily global maps (generated 
by summing within the DVR), the visible camera also 
provide images at resolution of ~300 m per pixel from 
a 300 km orbital altitude.   
Ultraviolet.  The back-illuminated CMOS ECAM-
BI13 is fitted with a wide field lens and strip filter 
array of similar configuration to the visible camera.  
The filter array has bands between 240-290 nm and 
305-330 nm.  These two bands allow the 
characterization of the Hartley ozone absorption band.  
The short band directly samples the absorption, while 
the longer band, which is insensitive to ozone, 
provides constraints on the atmospheric state.  Because 
ozone varies inversely with atmospheric water, this 
camera constrains the spatial and seasonal distribution 
of Mars atmospheric water.  To achieve appropriate 
signal-to-noise ratio, 8 x 8 pixel summing is required, 
yielding a nadir resolution of ~5 km per pixel.   
Thermal IR.  Thermal IR (LWIR) imaging is 
performed by the ECAM-IR8A. As with the UV and 
visible cameras, the thermal IR has a wide field lens 
and a two-band strip filter for pushframe imaging.  
One of the bands is at 9.4 µm (±0.6 µm), centered on 
the IR dust absorption band, the other images at 7 µm 
to capture the continuum adjacent to the dust 
absorption [3].   From these two bands together, daily 
global dust opacity is derived.   As with the UV, 
summing is necessary to get the desired signal-to-
noise, so the resolution of global IR dataset will also be 
~5 km per pixel.   
Education and Public Outreach (EPO) camera.  
With the above three cameras, the DVR4 has an 
unused camera port.  For minimal mass and cost, an 
ECAM-C50 color camera head could be added to the 
instrument.  The C50 can take 5 megapixel still frame 
images and HD format video.  While not directly 
addressing any scientific questions, this camera could 
provide images to support the mission EPO efforts.  In 
addition, if positioned to provide the proper field of 
view, this camera also provides useful (as well as 
publicly engaging) HD video of spacecraft 
deployments and maneuvers.   
DVR4.  The DVR4 would have 32 Gbytes of non-
volatile memory and lossless and lossy compressors 
implemented in hardware.  All science data would be 
acquired raw, at the maximum usable resolution.  With 
the large buffer, it is possible to buffer multiple weeks 
of full resolution data.  For nominal operations, the 
reduced resolution global map products would be 
generated and downlinked on a daily basis, without 
deleting the original, full resolution data.   After 
ground analysis of the downlinked global map 
products, the option would be available to downlink 
selected areas of it at full resolution.   This capability 
would, for instance, allow the instrument to capture the 
development of a dust storm at full resolution, by 
being able to “go back in time” in the DVR4’s buffer a 
week or more to when the storm started.  
The DVR4 weighs less than 1.2 kg and each 
camera head, about 0.4 kg, for a total mass of ~2.8 kg.  
Figure 10 illustrates the capability of this Mars weather 
camera, with analogous images from previous flight 
instruments. 
 
Figure 5 – Flight images illustrating ECAM based Mars 
weather camera products: UV (upper left, from MRO 
MARCI), visible (upper right, from MRO MARCI), thermal 
IR (lower left from Mars Odyssey THEMIS) and color EPO 
(lower right, from Rosetta CIVA).   
Conclusion:  The ECAM platform, through its 
modular off-the-shelf approach, provides substantial 
science capability for modest mass and cost and within 
a faster, lower-risk, development cycle.   
References: [1] ECSS Secretariat, ESA-ESTEC, 
Requirements & Standards Division, Space Engineer-
ing: Spacewire – Links, nodes, routers, and networks, 
ECSS-E-50-12A, 24 January 2003.  [2] Edgett, K. S., 
et al. (2012) Curiosity’s Mars Hand Lens Imager 
(MAHLI) Investigation, Space Science Reviews 
[pp.28-30]. doi:10.1007/s11214-012-9910-4.  [3] Liu, 
J., et al. (2003) An assessment of the global, seasonal, 
and interannual spacecraft record of Martian climate in 
the thermal infrared, Journal of Geophysical Research, 
Vol. 108, No. E8, 5089, doi:10.1029/2002JE001921. 
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From centuries astronauts are going in Space on Mars and on Moon, there they are able to use 
internet but not the mobile phone. We have designed a network which will help Astronauts to 
use Mobile phones on Mars. From this network setup one can communicate all over the Mars 
and even one can communicate on Earth from Mars. 
 
This network uses the Communication Satellite of Earth. From this Satellite the signals will be 
transmitted by a transmitter on Martian Surface. This will create convenience for the Astronauts 
to contact their family members as well as their friends. This network setup will keep the 
Astronauts in contact with Earth during their long missions on Martian Surface. 
 
This network setup is cost efficient and easy to establish. The network setup will take only 
few days. The signals of this transmitter are strong and can work over a long surface area. The 
network system works similar as that it works on Earth. 
 
The process starts itself from when the spacecraft lands on the Mars. The spacecraft will land at 
the peak of  Olympus Mons and from here the work of Rover starts. The Rover will spread the 
Optical Fiber from the peak of the Olympus Mons to the foot of the peak. Both of the ends of 
Optical Fiber will be attached with a medium size Mobile Transmitter. As from the information 
from Internet I discovered that Olympus Mons is 25 Kilometers high. So, if we spread the 
Optical Fiber over 25 Kilometers on Martian Surface the network will be strong as that it is 
on Earth. The mobile transmitter will receive signals from the mobile communication satellite 
of Earth. Hence, the signals from surface of earth will be received by mobile communication 
satellite of Earth and then transferred to the mobile transmitter on Martian surface. The time lag 
in transmission of signals will be (35 million miles) / (186000 miles/sec) = 188 sec.
 
By using this idea in future when humans will have colonies on Mars they will be able to use 
this connection for their communication; As this network will help humans to communicate not 
only from Mars to Earth but also on Mars to Mars.  
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Abstract: Investigation of Extremely Low Fre-
quency (ELF) electromagnetic waves produced by 
lightning activity has been used to assist the character-
ization of a variety of phenomena related to atmos-
pheric electricity, namely lightning climatological 
studies. Detection of Schumann Resonance (SR) spec-
tral features of the earth-ionosphere cavity from out-
side the cavity offers new remote sensing capabilities 
to assess tropospheric-space weather connections. A 
link between the water mixing ratio and atmospheric 
electrical conductivity makes SR a suitable tool to as-
sess volatile abundance of the outer planets, offering 
new capabilities to constrain thermodynamic parame-
ters of the protosolar nebula from which the solar sys-
tem evolved. In this work we discuss a new technique 
and associated instrumentation to detect SR signatures 
of planetary environments and subsequently to infer 




Schumann Resonance Theory: SRs are electro-
magnetic oscillations of the earth-ionosphere cavity 
produced by lightning activity. Earth can be regarded 
as a nearly perfect conducting sphere, wrapped in a 
thin dielectric atmosphere that extends to the lower 
edge of the ionosphere where the conductivity is also 
substantial, nesting the earth-ionosphere cavity similar 
to a waveguide. Propagation of ELF electromagnetic 
waves within the cavity formed by two, highly conduc-
tive, concentric, spherical shells, such as those formed 
by the surface and the ionosphere of Earth, was first 
studied by Schumann [1], and the resonance signatures 
of the cavity subsequently were observed in ELF spec-
tra by Balser and Wagner [2]. The eigenfrequencies, fn, 
of a homogeneous cavity with losses can be approxi-
mately computed from 
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where c is the velocity of light in vacuum, R and d 
are the radius and thickness of the cavity, εr and σ are 
the relative permittivity and conductivity of a uniform 
medium, εo is the permittivity of vacuum, and 
n=1,2,3,… is the corresponding order of the 
eigenmode (see Table 1). Although sctrictly valid 
when the cavity is thin and losses are small, i.e.,  ! " 
and # ! $%&, Equation (1) is nevertheless useful 
to estimate SR eigenfrequencies. The range of the SR 
spectral features is determined by the radius of the 
planet and, to a lesser extent, by the cavity thickness 





Frequency (ground) 7.8, 14.3, 20.8, 27.3, 33.8 Hz,… 
Q-factor (ground) ~5 
Q-factor (ionosphere) ~5 
Electric field (ground) ~0.3 mVm-1Hz-1/2 
Electric field (ionosphere) ~0.25 µVm-1Hz-1/2 
Magnetic field (ground) ~ 1 pT 
 
Table 1: Typical SR characteristics of the earth-ionosphere cavity. 
 
 
Ground-Based Measurements: On Earth, SR 
ground-based measurements are driven by three major 
research fields related to atmospheric electricity, spe-
cifically the global electric circuit and transient lumi-
nous events such as sprites, tropospheric weather and 
climate change, and space weather effects [3,4,5]. For 
decades, continuous monitoring of ELF waves from 
multiple stations around the world has been used to 
investigate lightning-thunderstorm and tropospheric-
ionospheric connections, because SR signatures are 
mostly driven by lightning activity and ionosphere 
variability. A major interest of SR studies is concerned 
with the processes linking lightning and thunderstorm 
activity to the global electric circuit. For example, SR 
may be used as a global tropical thermometer to infer 
thunderstorm-related activity in equatorial regions [4]. 
Variability of SR is associated with changes of not 
only electromagnetic sources but also properties of the 
atmosphere and the upper boundary of the cavity. Dis-
turbances of the lower ionosphere originate from 
electrodynamic and hydrodynamic processes such as 
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magnetospheric activity, energetic electron precipita-
tion, gravity waves and tides, lightning and transient 
luminous events. The interaction between the solar 
wind and the magnetosphere/ionosphere distorts and 
modulates the upper boundary of the cavity, modifying 
the SR spectral signatures, thus making it a good proxy 
for solar activity-induced geomagnetic storms and 
space weather [5]. 
 
 
Satellite Measurements: The Vector Electric Field 
Instrument (VEFI) on the Communications/ Naviga-
tion Outage Forecasting System (C/NOFS) satellite 
detected SR signatures well beyond the upper bounda-
ry of the cavity [6]. C/NOFS is a 3-axis stabilized sat-
ellite inserted in to a 13° inclination orbit to investigate 
electrodynamic processes of the equatorial ionosphere. 
Figure 1 shows typical VEFI measurements of the two 
components (zonal and meridional, i.e., roughly in the 
vertical and east-west directions) perpendicular to the 
geomagnetic field. The lowest five SR peaks are ob-
served at about 7.9, 14.1, 20.6, 26.8, and 32.9 Hz and 




Figure 1: VEFI electric field data recorded on 31 May 2008 during 
orbit 667 (starts at 16:21:47 UT). (left) Spectrogram and (right) 
mean spectrum computed all through the orbit. The top and bottom 
panels refer to the meridional and zonal components, respectively. 
The fuzzy horizontal stripes better seen during nighttime and the 
spectral peaks on the right-hand side correspond to SR eigenmodes. 
The gray and black stripes define nighttime on the ground and satel-
lite eclipse, respectively. 
 
 
 The electric field amplitude of the first mode is 
about 3 orders of magnitude lower than on the ground. 
The SR signatures are typically detected by C/NOFS 
during nighttime and are observed routinely in the alti-
tude range of C/NOFS (perigee and apogee are ~400 
and ~850 km, respectively). Additionally, SR signa-
tures are not detected in the component of the electric 
field parallel to the geomagnetic field; for the perpen-
dicular direction, the electric field amplitude of the 




Planetary Context: Following the discovery of 
lightning activity on other planets, the excitation of SR 
in other environments has been conjectured in various 
planets and moons, from Venus to Neptune, including 
Titan, Saturn's largest moon (Table 2). The key ele-
ments contributing to SR generation are the presence 
of electromagnetic sources and wave reflection in the 
ionosphere as well as suitable propagation conditions 
in the atmosphere. We emphasize a few relevant re-
sults but the interested reader can find more details 
elsewhere (e.g., see review [7]). 
 
 
Planetary body Frequency [Hz] Q-factor 
Venus 8-9.5 5-10 
Mars 7.5-14 2-4 
Jupiter 0.6-0.75 5-10 
Saturn 0.75-0.8 3.5-7 
Titan 18-22 4-6 
Uranus 1-2.5 5-20 
Neptune 1.2-2.6 2-16 
 
Table 2: Estimated frequencies and Q-factors of the first eigenmode 
of planetary cavities [7,8]. 
 
 
The value of SR as a probe for studying planetary 
electrical properties is evident. For example, the detec-
tion of SR signatures in the Martian environment is 
relevant for investigating dust electrification processes 
in the atmosphere and the hypothetical global electric 
circuit [9]. For example, SR measurements would con-
tribute for investigating a key subject of the Mars At-
mosphere and Volatile Evolution Mission (MAVEN), 
which aims the study the causes of Martian atmospher-
ic loss (particluarly H2O), altering the climate and ren-
dering it inhospitable to life. The observation of SR on 
Venus could resolve the debate on the presence of sig-
nificant lightning activity there; detection of lightning 
remains unclear because whistlers attributed to 
lightnign discharges have not been confirmed by detec-
tion of optical emmissions [10]. On Titan, because 
ground conductivity is low, ELF waves can propagate 
below the surface and are useful to constrain the depth 
of the water-ammonia ocean predicted by theoretical 
models; the proposed excitation mechanism is also 
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different than that operating on Earth [11]. In the giant 
planets, detection of SR spectral features would be 
useful for inferring the electric conductivity profile 
[12] and the abundance of volatiles (water, ammonia, 
and methane) [13]. This would be particularly useful 
for improving the solar system volatile abundance and 
constraining thermodynamic parameterization of the 
protosolar nebula from which the solar system evolved 
[8]. Establishing a more accurate location of the solar 
system snow line would be valuable for investigating 
protoplanetary disk accretion models and the formation 
and dynamics of planetary bodies. The accurate as-
sessment of the water content in the giant planets could 
also contribute to the understanding of the formation 
and dynamics of outer solar system objects, from the 
Kuiper Belt to the Oort cloud. 
 
 
SR Connection to Volatiles: The gaseous enve-
lopes of the giant planets are composed primarily of 
hydrogen and helium. Although progress has been 
made in the investigation of the atmosphere of the gas 
giants, mostly via remote sensing techniques, the frac-
tion of volatiles in their gaseous envelopes remains 
unknown. Since the ionization energy of helium is 
considerably higher than that of molecular hydrogen 
(25 vs. 15 eV), electrical conductivity of the interior of 
the giant planets is mainly due to hydrogen and driven 
by thermodynamic parameters such as temperature, 
pressure, and density as a function of depth. Several 
processes contribute to increasing the electrical con-
ductivity depending on the distribution and nature of 
impurities. The ionization energy of water, methane, 
and ammonia is about 12.6, 12.6, and 10.1 eV, respec-
tively, and provides a direct contribution to conductivi-
ty increase. In addition to a stoichiometric contribu-
tion, composition also plays indirect roles in conduc-
tivity, mainly in the atmosphere, as a consequence of 
enhancement of aerosol-cloud interactions, electro-
philic species chemistry, phase changes, droplet for-
mation, ion attachment, etc. The reaction mechanisms 
in the environment of giant planets are markedly dif-
ferent from those taking place on Earth.  The dielectric 
properties of water, for example, are remarkably di-
verse in the solid, liquid, and gas phases and can 
drive nucleation and clustering, as well as condensa-
tion and freezing, thus modifying charged parti-
cles mobility and recombination rates. Unlike the Jovi-
an planets where measurements provided some atmos-
pheric composition constraints, the water content un-
certainty in the fluid envelopes of Uranus and Neptune 
is large, implying electric conductivity profiles possi-
bly differing by several orders of magnitude. Conduc-
tivity may vary significantly, depending on the water 
ice mixing ratio in the gaseous envelope (Figure 2). 
For the same depth, a water mixing ratio of 0.1 
might increase the conductivity by as much as 10 or-
ders of magnitude compared to that of a dry envelope, 
illustrating the extreme sensitivity of ELF wave propa-
gation to conditions within the gaseous envelope water 
mixing ratio [8, and references therein]. 
 
 
Figure 2: Theoretical conductivity profile of Uranus and Neptune as 
a function of normalized radius, "', where "'=1 corresponds to an 
atmospheric pressure of 1 bar. The solid, dashed, and dotted lines 
correspond to 0, 0.01, and 0.1 water content, respectively [8]. 
 
 
Space Instrumentation Heritage: Assessment of 
volatile mixing ratios in the gaseous envelopes of the 
giant planets may involve in situ and remote sensing 
techniques. Whereas in-situ measurements are more 
accurate though less versatile, remote sensing offers 
recurrent examinations but less accuracy and spatial 
resolution. On the other hand, direct methods involving 
spectroscopic techniques are more accurate but possess 
restricted depth range, e.g., limited to the atmosphere. 
The indirect method proposed here using SR meas-
urements can be applied to higher depths, possibly 
hundreds or thousands of kilometers. Direct methods 
measure the water content directly and indirect meth-
ods require subsequent modeling to infer the content of 
volatiles. We briefly discuss the suitability and the 
technology readiness level of a few relevant instru-
ments used for atmospheric electricity and water con-
tent investigations. 
The most accurate way of evaluating the water con-
tent in the giant planets is employing in situ techniques 
for measuring the water mixing ratio in the gaseous 
envelope. This approach was used by the Galileo Probe 
Mass Spectrometer (GPMS) during the descent 
through the atmosphere of Jupiter down to ∼20 bar 
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[14]. Other solutions involve Earth-orbiting observato-
ries or dedicated spacecraft around the planets, e.g., 
Cassini at Saturn, employing infrared, optical, or ultra-
violet spectrometry to infer atmospheric composition 
[15,16]. The microwave radiometer part of the Juno 
spacecraft en route to Jupiter may provide accurate 
water content estimates, possibly down to about 200 
bars [17]. Although measurements of the water content 
in the atmosphere of Jupiter and Saturn have been 
made by various spacecraft, the generalization to the 
entire fluid envelope of the two planets is not possible; 
for example, measurements made by the Galileo Probe 
in Jupiter’s atmosphere found less water than expected 
[14]. However, it is not clear whether models have to 
be revised or those in-situ measurements misrepresent 
the global abundance and cannot be generalized to the 
entire atmosphere, much less to gaseous envelope. 
The Radio and Plasma Wave Science (RPWS) in-
strument onboard Cassini was developed to investigate 
Saturn kilometric radiation, lightning, and plasma-
related interactions between the ionosphere and mag-
netosphere of Saturn and its satellites, mainly Titan. 
The instrument measures low frequency electric and 
magnetic fields but is not optimized for the ELF range. 
Three 10 m beryllium-copper tubes and a magnetic 
search coil are used to measure vector electric and 
magnetic fields, respectively. The sensitivity of the 
electric and magnetic field sensors at 10 Hz and 10 




 and 1 
and 0.05 pTHz
-1/2
 [18]. RPWS cannot measure SR sig-
natures at the present location of Cassini, but attempts 
to their detection are strongly recommmended when 
the spacecraft approaches Saturn during the final phase 
of the mission. 
The Permittivity, Wave, and Altimetry (PWA) ana-
lyzer, an element of the Huygens Atmospheric Struc-
ture Instrument (HASI) flown onboard the Huygens 
Probe, was designed to measure in-situ the electric 
properties of the atmosphere and surface of Titan, 
namely atmospheric conductivity and ground permit-
tivity and low frequency electromagnetic waves 
[19,20]. PWA consists of six electrodes mounted on 
two ~0.5 m deployable dielectric booms. For conduc-
tivity measurements, the sensitivity of the mutual im-
pedance probe is ~10 pSm
-1
 and that of the two relaxa-
tion probes is in the order of 10 and 0.1 pSm
-1
. The 
sensitivity of the PWA dipole antenna in the ELF 





The VEFI package onboard C/NOFS is suited to 
perform DC and AC electric field measurements. In 
addition to electric field double probes, VEFI also in-
cludes a flux-gate magnetometer, a fixed-bias Lang-
muir probe, and a lightning detector [21]. The main 
component of VEFI is the 3-axis electric field sensor 
that records DC and AC electric fields employing the 
double probe technique [22]. The instrument includes 
six 9.5 m booms with 12 cm diameter spherical sensors 
with embedded pre-amplifiers. The booms are oriented 
to provide three orthogonal 20 m tip-to-tip double 





 for a nominal sampling 
of 512 s
-1
. The estimated accuracy for magnetic field 
measurements in the ELF range is 0.1 nT for a sam-





Rationale and Instrument Requirements: Since 
remote sensing or in-situ measurements involving 
spectroscopic techniques may not be representative at a 
global scale, utilization of SR spectral features offers a 
complementary approach to estimate the fraction of 
volatiles in the gas giants. Therefore, we discuss in-
strumentation relevant for detecting low frequency 
electromagnetic waves. Table 3 presents the sensitivity 
and frequency range instrument requirements to per-
form SR measurements in terrestrial planets and gas 
giants. Performing both electric and magnetic field 
measurements contributes to extend our knowledge of 
atmospheric electricity, e.g., lightning activity, and 
cavity leakage mechanisms related to ELF electromag-
netic wave propagation in the ionosphere. Compared to 
other techniques, the approach proposed here has the 
following advantages: (i) it can be performed from 
orbit or in-situ; (ii) it is sensitive down to depths of 
hundreds or thousands of kilometers; (iii) it provides 
global estimates of volatiles; (iv) it is not very sensitive 
to local heterogeneities induced by weather patterns. 
The major disadvantage is the fact that since it is an 
indirect measurement, the interpretation is highly de-
pendent on electric conductivity modeling. 
 
 
Physical Quantity Range 
Electric field sensitivity Better than 10 nV m-1 Hz-1/2 
Magnetic field sensitivity Better than 0.1 pT Hz-1/2 
 
Frequency range 
0-100 Hz for terrestrial planets 
0-10 Hz for giant planets 
 
Frequency resolution 
0.1 Hz for terrestrial planets 
0.01 Hz for giant planets  
Amplitude resolution 16 bits 
 




Remote sensing and in-situ techniques used on 
Earth to investigate SR patterns can be adapted to other 
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planets, onboard orbiters, landers, balloons, blimps, 
and descent probes. Platforms aiming at performing in- 
situ measurements also allow for assessment of the 
electrical conductivity in the cavity, providing addi-
tional data to constrain the conductivity profile locally. 
The Huygens Probe is a good example where wave and 
particle measurements were combined in the cavity of 
Titan. In addition to constraining the water content in 
the gaseous envelopes, combination of wave and parti-
cle measurements may also contribute to addressing a 
variety of subjects related to atmospheric electricity, 
aeronomy, and weather patterns. Several phenomena 
related to propagation of Alfvén waves, e.g., 
ionospheric Alfvén resonator and geomagnetic pulsa-
tions, also fall in the frequency range used to investi-
gate SR spectral features. 
 
 
Summary: Detection of SR from orbit offers new 
remote sensing capabilities to investigate atmospheric 
electricity on Earth; it serves as proof of concept for 
planetary environments as well. A link between the 
water mixing ratio and atmospheric conductivity 
makes SR a suitable tool to assess volatile abundance 
of the outer planets. The best set of electromagnetic 
sensors currently available for investigating SR in the 
outer planets would combine the 3-axial VEFI dual 
probe and the RPWS magnetic search coil for electric 
and magnetic field measurements, respectively. Alt-
hough improvements are necessary, these sensors pre-
sent high technology readiness level and offer a practi-
cal solution to start with, both for remote sensing and 
in-situ measurements. These sensors would also be 
valuable for investigating atmospheric electricity in the 
outer planets. The same set of sensors is useful to con-
firm previous claims of detection of SR on Mars and 
Titan, and reconcile the dispute about lightning activity 
on Venus. Most significantly, these sensors are invalu-
able for assessing the electric conductivity profiles of 
the gaseous envelopes of the giant planets and, indi-
rectly, for constraining the fraction of volatiles, namely 
water, in those environments. This specific set of elec-
tromagnetic sensors is pertinent to bring together sev-
eral fields of research, from Earth’s tropospheric and 
space weather connections to planetary atmospheric 
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Science questions and broad outline of technology needs of the decade 2013-2022 
A. A. Simon-Miller (NASA Goddard Space Flight Center) 
 
This presentation will give an overview of the important science questions outlined in the 
Planetary Exploration Decadal Survey, "Vision and Voyages for Planetary Science in the 
Decade 2013-2022."  The recommended mission portfolio will be discussed, along with 
expected infrastructure challenges.  How these requirements correspond to instrument 
and technology needs for the next decade will be presented. 
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Ion Mass Spectrometer Development for JEO Class Missions.  E. C. Sittler Jr.
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Introduction:  Under the Astrobiology Instru-
ment Development Program (ASTID) we have been 
developing an advanced 3-D ion mass spectrometer 
(IMS) at the prototype level that can be used to deter-
mine the astrobiological pontential of Europa. The IMS 
development has been leveraged by Outer Planets Re-
search programs, and previous IRAD support from 
Goddard.  The IMS can be proposed for future mis-
sions to Europa such as NASA’s Jupiter Europa Orbit-
er (JEO) Light orbiter and flyby elements, Uranus, the 
moon, asteroids and comets. We have also been devel-
oping a radiation design and test capability for a JEO 
class mission and other missions within planetary mag-
netosphere and their radiation belts as well as solar 
wind missions during Solar Energetic Particle (SEP) 
events. We have developed a Radiation Test Chamber 
(RTC) for testing the IMS radiation design concepts up 
to 28 MeV electron energies. The IMS is designed to 
measure both major, minor, and trace ion species, po-
tentially to ppm abundance levels, within high radiation 
environments of Jupiter’s magnetosphere and for orbits 
or flybys of the icy Galilean moons. The most extreme 
requirement is to survive and operate for several 
months in Europa orbit, while a more lightly shielded 
configuration could be used for flybys of Ganymede 
and Callisto. The projected radiation dosages for JEO 
(JEO Light Orbiter Element) instrumentation are 2.9 
Mrad (1.2 Mrad) behind 100-mil of Al shielding at end 
of mission (EOM). For Europa flybys the IMS would 
still have to operate in the high instantaneous dosage 
rate at Europa which is ~ 150 krads/month with 1-cm 
Al shielding equivalent. Electrons lead the instantane-
ous dosage rates for accidental coincidences, while 
protons lead for cumulative damage.  
. The IMS has the unique capability of separating 































Results: We will present the instrument design  and 
show laboratory results. In addition we will present 
status of IMS shielding design for JEO class mission 
and planned testing using our Radiation Test Chamber 
(RTC) at NIST’s LINACC electron accelerator for 
electron energies up to 28 MeV.  
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Introduction:  The Phoenix Mission was selected 
as the first Scout Mission to Mars in August 2003.  
The development phase ended with a successful launch 
in August 2007.  The spacecraft landed on May 25, 
2008 in the martian arctic at 68°N and 234°E at 
Ls=78° lasting for 5 months (152 sols) before lost of 
the communication link ended the mission. 
The high-level goals were to study the subsurface 
ice layer that had been predicted through modeling and 
discovered by the GRS instrument on Mars Odyssey in 
2002.  The goals were to provide answers to the fol-
lowing questions: can the martian arctic support life?; 
what is the history of water at the landing site?; how is 
the martian climate affected by orbital dynamics? [1] 
Findings from Mars Odyssey indicated the top half 
meter (20 inches) of Mars’ surface layer is mostly ice 
throughout large regions of the planet poleward of 
65°N. Phoenix sought clues about the history of that 
ice. Is this the frozen residue of an ancient ocean? 
Did it diffuse into the ground from water vapor in the 
atmosphere? Did a retreating ice sheet leave it be- 
hind? Information such as the amount of layering, the 
textures of the ice and soil, and the chemical composi-
tion at different depths could distinguish among those 
and other possibilities. 
Indicators about the history of the near-surface ice, 
together with Phoenix instruments’ observations of 
seasonal changes over a span of several months, have 
improved understanding about climate cycles on Mars. 
One tantalizing question is whether cycles, either 
short-term or long-term, might produce conditions 
when even small amounts of near-surface water might 
stay melted. 
The goal of learning about ice history and climate 
cycles dovetailed with the Phoenix mission’s most 
exciting task--to evaluate whether an environment 
hospitable to microbial life may exist at the ice-soil 
boundary. Even if water remains liquid only for short 
periods between long intervals, life can persist if other 
factors are right, as studies of arctic environments on 
Earth testify. Phoenix examined some of those other 
factors, such as whether organic compounds are pre-
sent and whether strong oxidants in the soil make con-
ditions too harsh for life. 
Instruments were selected based on perceived use-
fulness and proven heritage.  They were chosen from 
the instruments on the Mars Polar Lander that were 
sent to Mars, but never returned surface data, and the 
Mars Surveyor 2001 Mission instrument that were 
delivered for installation on the spacecraft fully tested 
and ready to fly.  An additional laser meteorology 
package was provided by the Canadian space Agency, 
but because of its lack of heritage, it was on our de-
scope list.   
Phoenix Payload:  Four major instruments were 
chosen for the mission.  These instruments met the 
goals of monitoring the polar weather, observing the 
local geology, and analyzing soil samples to under-
stand their chemistry and mineralogy.  To facilitate the 
last two objectives a robotic arm (RA) was developed 
to scrape through the dry soil layer and expose and 
sample the ice layer underneath [2].  The major in-
struments are describe below. 
Surface Stereo Imager (SSI):  This camera is posi-
tioned on a mast with full view of the digging area.  Its 
job is to provide the digital elevation model used to 
informs commands that position the robotic arm (RA) 
while it is scraping the surface. 
The camera design is based on the Imager for Mars 
Pathfnder [3] and the SSI from the Polar Lander mis-
sion [4].  It incorporates two focal planes, each with 
1000 x1000 pixel arrays and provides stereoscopic 
imagery of the surface with two “eyes” separated by 15 
cm.  The camera is gimbaled to give it full access to all 
angles above -60°, it has a 14 x 14° field of view and a 
resolution of 0.25 mr/pixel.  Objects larger than 1.5 
mm can be resolved in the digging area next to the 
lander. 
The SSI has multispectral capabilities.  With 12 fil-
ters available on each optical path, a number of goals 
can be achieved.  Thirteen filters span the available 
spectral range from 0.4 to 1.0 µm and can produce a 
spectrum of each feature surrounding the spacecraft.  
Five filters are designed for imaging the sun; they pro-
vide a measure of the extinction optical depth of the 
atmosphere at several wavelengths.  One of these fil-
ters fits within a water band and is used for estimating 
the column abundance of water in the atmosphere.  
There is a polarization filter for measuring the polarity 
of the scattered photons.  Finaly, 3 of the color filters 
are duplicated in each eye so that monochromatic ste-
reo viewing at different wavelengths is available. 
Lidar:  A lidar is pointed normal to the instrument 
deck to probe the boundary layer of the atmosphere 
searching for dust loading and ice clouds.  A NdYAG 
laser beam is split and frequency doubled to provide 2 
wavelengths 1064 and 532 nm to probe the atmos-
phere.  The beams are strong enough to receive signals 
from as high as 15 km above the surface [5]. 
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In addition to the lidar, this Canadian instrument 
has a pressure sensor and 3 temperature sensors on a 
mast that extends 1 m above the deck [6].  Taken to-
gether, the lidar and the other sensors provide a basic 
meteorological package for studying atmospheric 
properties. 
MECA:  The Microscopy, Electrochemistry and 
Conductivity Analysis instrument has 3 major compo-
nents.  The Wet Chemistry Lab is a set of 4 independ-
ent beakers that can receive soil samples and mix them 
with water brought in a sealed chamber to dissolve 
salts into a solution.  The solution is then analyzed 
with a set of ion specific electrodes to determine the 
concentration of each ionic species [7]. 
Next to these 4 beakers on the instrument deck is 
the microscopy station (OM) [8].  Soil samples are 
loaded onto a substrate wheel and rotated in front of a 
microscope that has the ability to resolve features as 
small as 10 µm.  The samples are illuminated with one 
of 4 sets of LEDs giving RGB color plus UV fluores-
cence from each of the substrates.  Some substrate are 
tiny bins and others are magnetic, providing opportuni-
ties to measure the interaction of the soil with various 
types of materials. 
Attached to the head of the OM is an Atomic Force 
Microscope (AFM) provided by a Swiss group that can 
measure grains to the nm scale [8]. 
The third instrument, the Thermal and Electric 
Conductivity Probe (TECP), is a small box that resides 
on the RA and has 4 metal probes extending from it 
[9].  These needles are pushed into the soil and electric 
signals are pulsed between them.  This gives the in-
strument the ability to measure the conductivity of the 
soil to temperature and electricity.  On the side of the 
housing is a small humidity sensor that can be as close 
as 4 cm above the surface or raised by the RA to a 
height of nearly 2 m. 
TEGA:  The Thermal and Evolved Gas Analyzer is 
a copy of the Polar Lander instrument [10] and sits on 
the deck next to the MECA instrument.  It has 2 parts: 
8 independent ovens that can receive tiny samples of 
soil or ice and a mass spectrometer connected to the 
ovens with complex plumbing and valves.  Each oven 
has the ability to perform calorimetry on the samples 
by monitoring the power needed to maintain a constant 
temperature ramp.  The ovens can scan through a tem-
perature range from ambient to 1000° C.  As gases 
evolve from the heated sample they are conducted 
through the plumbing by a carrier gas of pure nitrogen 
to the mass spectrometer.  The spectrometer then 
measures the composition including the isotopic abun-
dances of each gas and the temperature at which it was 
released.   
This instrument is especially sensitive to water, but 
also measures sulfates, carbonates, and potentially or-
ganics.  These can be compared to the endo- or exo-
thermic enthalpies measured by the calorimeter to as-
sess the composition of the soil at various depths and 
locations. 
Other measurement capabilities:  The RA has an-
other camera near its scoop, the RA Camera (RAC) 
[11].  It is a copy of the Polar Lander RAC [12].  This 
camera has the ability to focus from about 1 cm to in-
finity and stares into the scoop when it holds a sample.  
Several LED illumination arrays light the scene inside 
the scoop even at night and allows an estimate of color 
that may distinguish the tiny clumps of soil. 
Magnetic targets provided by Denmark are placed 
in 3 arrays on the deck and can be viewed by the SSI to 
assess the deposition of dust and determine what frac-
tin is magnetic [13].  These targets are also used for 
calibration of the cameras. 
The Danes have also provide a telltale on the tip of 
the temperature mast [14].  This simple Kevlar ribbon 
blows in the wind and can be rapidly imaged by the 
SSI to determine both wind direction and speed. 
During the descent through the atmosphere, the 
spacecraft itself measures the deceleration and, there-
fore, the density of the atmosphere as a function of 
height.  This can be analyzed to reveal the vertical 
temperature profile.  The MARDI descent imager was 
integrated into the spacecraft, but its use was deemed 
too dangerous owing to perceived failure modes in the 
interaction of the imager and the lander computer. 
Finally, the ground measurements from Phoenix 
are coordinated with orbital observations to provide 
ground truth for Odyssey, Mars Reconnaissance Orbit-
er and Mars Express.  Careful timing allows simulta-
neous measurements from top-down and bottom-up 
giving the potential for a complete description of the 
atmospheric properties.  These coordinated observa-
tions were scheduled for a number of times throughout 
the mission. 
Integrating the Payload:  An advantage of a PI-
led mission is that the instruments can be chosen and 
developed to complement each other with overlapping 
capabilities useful for cross checking.  This is shown in 
the accumulation of data needed to meet the goals de-
scribed above; multiple instruments are brought to bear 
on each of the tasks. 
Atmospheric studies:  Several instruments combine 
their measurements to provide inputs to the atmospher-
ic properties.  The vertical structure of the atmosphere 
is directly measured only during the landing.  
Throughout the mission the lidar provided vertical 
measures of the dust opacity and the heights to the 
cloud deck.  Additionally, daily pressure and tempera-
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ture profiles were obtained.  SSI measured the extinc-
tion optical depth throughout the mission and dust par-
ticle properties were obtained from sky scans that 
measured the scattered light distribution.  Surface tem-
perature and humidity came from the TECP.  The SSI 
measures wind velocity and magnetic properties by 
looking at the telltale and calibration targets. 
 
 
Figure 1: Artist’s illustration of the Phoenix lander 
digging a trench to the ice layer.  The instruments are 
seen on the deck. 
 
All together, when combined with the regional 
measurements from the orbiters, a complete descrip-
tion of the polar weather throughout the lifetime of the 
mission is obtained. 
Geologic assessment:  The SSI provides detailed 
maps of the surface features along with a DEM within 
about 10 m of the camera.  The RA can give an idea of 
the strength of the soil and hardness of the icy layer 
underneath. 
Mineralogy and Chemistry:  MECA and TEGA are 
designed to give insight into the aqueous chemistry of 
the soil.  The ionic species that are in solution can be 
compared with the evolved gases released at tempera-
tures up to 1000°C.  An example of this is the calcium 
carbonate identified by its CO2 release at 700°C.  
MECA measured a pH of 7.7 consistent with a solution 
that is buffered by carbonates. 
While difficult, the components of the soil are 
searched for in the microscopic images returned by the 
OM.  The size distribution of the soil grains falls clear-
ly into 2 bins: an abundance of reddish dust <10 µm in 
size plus a larger component between 50 and 100 µm 
in diameter.  These larger particles have various char-
acteristics.  Some are transparent and crystalline while 
others are black or red.  All the larger particles are 
rounded, nearly football shaped indicating that aolian 
processes have saltated them perhaps a long distance. 
 
Figure 2:  Microscopic image of larger particles on a 
magnetic substrate.  Note the rounded, football-shaped 
appearance of the grains against a background of unre-
solved dust. 
 
Mission results:  The preliminary results of the 
Phoenix mission have been published [15,16].  An ice 
layer was uncovered at 5 cm depth validating both the 
Odyssey observations that were obtained over 500 km 
footprints and models based on the thermal inertia 
measurements.  The dry soil has been found to contain 
calcium carbonate, a mineral that relies on liquid water 
for its formation.  Both MECA and TEGA agree on 
this finding.   
In addition, the most abundant salt ion seen by 
WCL is perchlorate.  This raises many interesting pro-
spects including the toxicity of 0.5% perchlorate on 
humans, the ability of perchlorate to lower freezing 
temperatures to -70°C in high concentrations, the us-
age by microbes of perchlorate as an energy source, 
and the effects of such a powerful oxidant on organic 
material. 
To this last point a study has been concluded that 
shows that the Viking mass spectrometer experiment 
may have been wrongly interpreted [17].  It is clear 
that the effects of perchlorate in the soil serve to com-
bust any organic when heated above 300°C and release 
chloro-hydrocarbons of type actually measured by Vi-
king and interpreted as cleaning agents.  This leads to 
the conclusion that the organic composition of the soil, 
expected to be several 10’s ppm due to the influx of 
meteors into the atmosphere, has not been properly 
measured.  Heating the soil releases the oxygen and 
destroys the organics.  Therefore, the Mars Science 
Laboratory mission with the SAM instrument having 
the ability to do a low temperature measurement of 
organics finally has a chance to answer this lingering 
question: Is Mars habitable? 
375International Workshop on Instrumentation for Planetary Missions
References: [1] Smith, P. H. et al. (2008) JGR, 
113. [2] Bonitz, R. G. et al. (2008) JGR, 113.  [3]  
Smith, P. H. et al. (1997) JGR, 102, 4003-25.  [4]  
Smith, P. H. et al. (1999) JGR, 106.  [5]  Whiteway, J. 
M. et al. (2008) JGR, 113.  [6]  Taylor, P. A. et al. 
(2008) JGR, 113.  [7]  Kounaves, S. P. et al. (2009) 
JGR, 114.  [8]  Hecht, M. H. et al. (2008) JGR, 113.  
[9]  Zent, A. P. et al. (2009) JGR, 114.  [10]  Boynton, 
W. V. et al. (1999) JGR, 106, 17,683-98.  [11]  Keller, 
H. U. et al. (2008) JGR, 113.  [12]  Keller, H. U. et al. 
(1999) JGR, 106.  [13]  Leer, K. P. et al. (2009) JGR, 
114.  [14]  Gunnlaugsson, H. P. et al. (2008) JGR, 114.  
[15]  4 papers in Science, 325 (2009).  [16]  JGR spe-
cial issue (2009) JGR, 113.  [17]  Navarro-Gonzalez, 
R. (2010) JGR, 115. 
376 LPI Contribution No. 1683
Instrumentation for Measuring Lunar Heat Flow S.E. Smrekar1, T.L. Hudson1, P. Morgan2, 1Jet Propulsion La-
boratory, California Institute of Technology (Mail Stop 183-501, 4800 Oak Grove Dr., Pasadena CA, 91109; ssmre-
kar@jpl.nasa.gov), 2 Northern Arizona University (Dept. of Geology, Flagstaff, AZ; morgan.pablo@gmail.com). 
 
 
Introduction:  Interior heat flow provides essential 
constraints on the thermal and chemical evolution of 
planetary bodies. On the Moon, heat flow instrument 
designs typically have to reach depths below the annu-
al solar thermal wave (2-3 m), or alternatively methods 
must be applied to be able to decouple the influence of 
the relatively large temperature gradients associated 
with the annual and diurnal solar thermal wave from 
the geothermal gradient.  We are developing instru-
mentation to accurately measure heat flow in the chal-
lenging lunar thermal environment. 
Background: Apollo astronauts deployed instru-
mentation for the only heat flow measurements ever 
made on a body other than Earth.  Borehole measure-
ments yielded a heat flow of 21 mW m-2 at the Apollo 
15 landing site and 16 mW m-2 at the Apollo 17 land-
ing site [2].  [3] later revised these values downward to 
14 to 18 mW m-2 using updated estimates of the ther-
mal conductivity based on propagation of the annual 
wave.  
These values are <20% of the Earth's average heat 
flux of 87 mW m-2. Assuming a steady-state balance 
between heat flow and heat production, this range of 
heat flow corresponds to a lunar bulk composition of 
uranium of 33 to 44 ppb, which is significantly higher 
than that of Earth’s mantle.  This discrepancy suggests 
that the process of lunar formation preferentially con-
centrated radiogenic elements in the Moon.  
With data from just two sites, heat flow from the 
Moon is poorly constrained. A number of effects have 
been proposed to explain the difference in the two 
measurements.  [3] proposed a revised uranium content 
of 19 ppb for the bulk composition, and an average 
heat flux of 12 mW m-2.  This value is based on models 
showing that the variable thickness megaregolith acts 
to insolate the surface, causing a non-steady state heat 
flux, and causes refraction of the heat flux into areas of 
higher conductivity.  [4] show that the variation in the 
flux at the two sites can be explained by variable-
thicknesses regolith causing refraction of the heat into 
areas of higher conductivity.  Lateral heat flux also 
result from shallow crustal variations in thorium.  [5] 
explain the variation with a model of formation of the 
Procellarum KREEP Terrane that concentrates radio-
genic material in the crust beneath the Imbrium basin.  
In this scenario, the compositional differences in the 
crust account for variations in heat flow.  Choice of 
appropriate landing sites for future missions can readi-
ly distinguish between these hypotheses and provide 
further insight on lunar evolution. 
There are many challenges associated with precise 
heat flow measurements on the moon. Key challenges 
include: 1) accessing the subsurface to sufficient depth 
in various types of media (e.g. heavily compacted reg-
olith and/or soils with variable in-situ rock distribu-
tions), 2) obtaining accurate measurements of the 
thermal conductivity and thermal gradient in an ex-
tremely low thermal conductivity environment with 
huge surface temperature variations, and 3) calibrating 
out potential sources of measurement error.  Sources of 
error include a) instrument self-heating, b) local varia-
tions in thermal properties associated with mechanical 
modification of the regolith caused by the penetration 
of the instrument, c) thermal conductance of heat 
through the instrument from the surface, d) potential 
differences in thermal coupling between the heat flow 
sensors and the in-situ medium in a vacuum environ-
ment associated with partially collapsed borehole walls 
and e) thermal disturbances introduced at the surface 
as the result of lander shadowing. 
In this work, we address issues 2 and 3. To address 
these issues and provide a testbed for evaluating heat 
flow measurements and calibration techniques prior to 
flight, we have constructed a vacuum chamber capable 
of simulating a lunar-like subsurface environment. 
Instrumentation: We focus on development of a 
tether with maximum precision and minimal thermal 
‘noise’. We have experimented with tethers to make 
temperature measurements instrumented using both 
thermocouple and RTD (platinum resistance) sensors.  
Tethers have been constructed with the RTDs in a 4-
wire resistance-measurement configuration, and a 
bridge-measurement configuration, similar to the cir-
cuits used for the Apollo temperature probes [6].  The 
bridge configuration had the advantage that more sen-
sors could be incorporated into the tether (N=C-5, 
where N is the number of sensors and C is the number 
of tether conductors) relative to the 4-wire configura-
tion (N=C/4).  In terms of stability, without recalibra-
tion capability on the Moon, RTDs are preferred over 
thermocouples, and the 4-wire configuration over the 
bridge configuration.  Tethers were constructed with 
conductors and sensors between two layers of  25.4 
mm wide Kapton tape.  Theoretical calculations indi-
cate that the effect of the high thermal conductivity of 
the conductors in the tether should be negligible  at 
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distances over a few centimeters from the ends of the 
tethers.  These calculations remain to be verified ex-
perimentally.  The validity of these calculations and 
the overall ability to measure the thermal gradient ac-
curately will be demonstrated by testing in our Geo-
thermal Testbed.  
Geothermal Testbed: The chamber consists of a 
thermally isolated 2 m high by 0.6 m diameter cylin-
drical vacuum chamber filled with lunar regolith simu-
lant (see Figure 1). The axial thermal gradient through 
the column is controlled by ~isothermal plates at the 
top and base of the soil column. The plate temperatures 
are maintained or slowly varied over time by using a 
cold-biased pumped glycol/water mixture through the 
plates with active in-line controlled cartridge heaters. 
Radial heat flow in the soil column is nulled out by 
active control of the temperature gradient on the cylin-
drical chamber wall using a passive cold-biased gly-
col/water jacket surrounding a linear array of heater 
loops distributed down the chamber wall. These heat-
ers are variably controlled to maintain the same cham-
ber wall temperature profile as measured near the cen-
ter of the soil column with an embedded temperature-
sensing tether.  The glycol/water mixture enables the 
chamber to reach temperatures as low as -30°C  
Figure 1.  
Vaccum chamber wrapped with red heater loops, fluid 
circulation in vertical black tubing, and enclosed in 
insulation case (in white) when operating. Feed thru 
and instrumentation section at top. 
In addition to providing a realistic simulated soil 
temperature profile, the vacuum chamber is required to 
simulate the low thermal conductivity of lunar regolith 
that poses a challenge to heat flow measurements.  
Thermal conductivity is dominated by gas conduction 
and radiative transfer at low atmospheric pressures or 
in a vacuum [7-11]. Although we will not be able to 
achieve lunar pressures in such a large chamber filled 
with regolith, we will achieve a low enough vacuum 
(~10 torr) to be in the same thermal regime and 
achieve the range of thermal conductivities measured 
by Apollo using variable grainsize regolith.. 
Experiments performed in highly insulating lunar 
simulant material (NU-LHT-2M, k <0.1 W/mK) show 
that a stable thermal gradient within the chamber rego-
lith column can be achieved in approximately 1 week 
without overcooling.  Soil temperatures measured by 
an off-center sensing tether indicate temporal varia-
tions in the average gradient of less than 0.5 K/m per 
day across the soil column.  With recent improvements 
in the cold-biasing fluid delivery and control system, 
as well as updated thermal sensing capabilities (e.g., 
switching from thermocouples to 4-wire RTDs), this 
variation should be further reduced in subsequent tests. 
Future Work:  Our next step is measurement of 
lunar-like gradients in our test chamber.  We will be 
testing various designs for temperature measurement in 
both collapsed and open boreholes.  We will estimate 
downhole conduction along the thether.  These exper-
iments will be used to optimize the design of a lunar 
heat flow experiment, and the thermal gradient in par-
ticular. 
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Abstract: Interior heat flow provides essential 
constraints on the thermal and chemical evolution of 
planetary bodies. Current models of the interior evolu-
tion of Venus have heat flux predictions ranging from 
10 to 60 mW/m2.  Thus our goal is to measure heat 
flux to ±5 mW/m2.  Venus’ thick atmosphere results in 
a surface temperature that varies by no more than 1°C.  
Thus the heat flow on Venus can be measured using a 
flux plate method. 
Introduction:  Venus is currently in a stagnant lid 
convective regime, and lacks a magnetic field.  The 
stagnant lid may act to insulate the interior, leading to 
mantle heating. Heating of the mantle could lead to 
both shutting off the dynamo and to enhanced surface 
heat flux.  A very low heat flow (<20 mW/m2) would 
indicate that either a recent stagnant lid or a very late 
stage of episodic global overturn is operating (Parmen-
tier and Hess 1993; Turcotte 1993; Solomotov and 
Moresi 1996). An intermediate value of heat flow (20-
40 mW/m2) would be consistent with a stagnant lid 
modulated by convective heat flux (Phillips et al. 
1997). High values (> 40 mW/m2) would indicate a 
thinner lithosphere and possibly a long period of man-
tle heating due to the effect of an insulating stagnant 
lid  (Reese et al., Smrekar et al., 2012).   
A flux plate consists of a sandwich of a thermal in-
terface with the ground, a layer of highly conducting 
material, a layer of insolating material, and a top layer 
of highly conducting material (see Figure 1). The 
thermal gradient is amplified across the layer of insu-
lating material.  The heat flow is the product of the 
known conductivity in the material and the thermal 
gradient, taking into account any heat loss in the sys-
tem.   
– 
 
Figure 1.  Cross section of a circular flux plate 
schematic.  An array of temperature sensors measures 
the measures the temperature change across the interior 
insulating material as well as any edge effects.  
 
Challenges: The key challenges to measuring heat 
flow on Venus are: : 1) operation at high temperatures, 
2) achieving good contact for a range of surface 
roughnesses, and 3) acquiring a high precision meas-
urement within a short mission duration.  In this work, 
we develop a design to address issues 2 & 3.  Others 
are addressing the issue of high temperature electron-
ics.  
Surface Irregularity: The Venera landers have pro-
vided a glimpse of the surface of Venus in several lo-
cations.  The Venera 13 site is quite rocky, but the ma-
jority of sites show relatively low abundances of peb-
bles and rock fragments.  Instead they show platy rock 
surfaces, consistent with high viscosity basalt flows.  
Based on analysis of the size frequency distribution of 
loose materials on the surface [Gar, and the assumption 
that multiple plates will be deployed on the surface, we 
will initially examine our ability to measure the gradi-
ent in the presence of irregularities up to 1 cm in 
height. 
Surface Conditions: The harsh environment of Ve-
nus (460°C, 90 bars, supercritical CO2) mean that pas-
sively cooled landers  will live no more than several 
hours.  We examine the ability to achieve thermal 
equilibrium and measure the gradient within this time 
period by examining a model of flux plate behavior 
and comparing with the behavior of the breadboard. 
Approach: The focus of our development is the 
development of a bread board flux plate that has the 
ability to achieve a good thermal contact with a rea-
sonable rough surface and measure the thermal gradi-
ent rapidly.   
Thermal Contact. Our approach to achieving a 
good thermal contact is to use a carbon fiber mat (see 
Figure 2). The interface pad is carbon velvet material 
made from high conductivity fibers that are assembled 
by electroflocking and rigidized by carbon vapor depo-
sition. The all carbon interface pad is capable of han-
dling very high temperatures in a non-oxidizing envi-
ronment.  On Venus, the CO2 atmosphere can pene-
trate the carbon fibers and increase the conductivity. 
We test the quality of the thermal coupling to an ir-
regular surface by measuring conductivity across the 
pad as a function of the % of the area of the pad in 
contact with surface.  The conductivity is measured 
under STP in a divided bar apparatus in which carbon 
mat can be held against a variable surface.  The sche-
matic for the divided bar apparatus, a standard ap-
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proach to thermal conductivity measurement of solids 
in the laboratory, is shown in Figure 3.  An example of 
the material used to tested variable surface area is 




Figure 3.  Schematic of a divided bar apparatus for 
measuring thermal conductivity as a function of con-
tact area. 
Results of the conductivity testing show that the 
thermal resistance of the interface pad increases by 
60% as the surface area in contact with the pad de-
creases from 100 to 5%.  Although this increase in 
thermal resistance may be permissible (still allow ac-
curate measurement of the gradient across the flux 
plate with in several hours), we are examining several 
options to make the carbon mat more conformable to 
the surface. Greater conformability will effectively 
decrease the thermal resistance of the pad by allowing 
it to have greater contact with an irregular surface. 
T
hermal Modeling.  We have developed a 1D analytic 
model to provide an initial estimate of the thermal 
properties and dimensions of the flux plate  
 
 
needed to obtain a steady state gradient within two 
hours.  This initial assessment suggests that a very low 
conductivity material, such as glass, is needed to have 
a measurable gradient across a relatively thin plate (see 
Figure 1).   
Next Steps: Our next steps will be to 1) test more 
conformable carbon fiber pads for their thermal re-
sistance as a function of % area in contact with the 
surface, 2) develop a numerical model of the flux plate 
to appropriately choose the insulating center material, 
and size the prototype, and 3) build a bread board of 
the flux plate to demonstrate measurement of the gra-
dient.  Ultimately we want to test our bread board un-
der Venus conditions.  
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Figure 4. Wall-
board disk, 8 
cm diameter, 2 
cm thick.  Up-
per disk has 





face pad, 8 cm 
diameter by 1 
cm thick, bond-
ed to graphic 
pad for testing. 
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Introduction: Infrared  heterodyne  spectroscopy 
has been proven to be a valuable tool for the study of 
planetary atmospheres  for  many years  [1].  However, 
only ground based observations have been carried out 
to  date.  Complexity of  the required  technologies has 
prohibited the use of the heterodyne technique in the 
infrared for space missions while at longer wavelength 
(far-infrared/sub-mm) it is a common tool, for example 
on the SWAS satellite or in the HIFI spectrometer on 
board ESA's Herschel mission.
Recent developments regarding the optics, local os-
cillators  (LO)  and  detectors  finally open  the  way to 
small, efficient and reliable instrumentation capable for 
space applications.
Ultra-high resolution spectroscopy allows to fully 
resolve molecular line profiles thus it enables unambi-
gious detection of species as well as retrieval of alti-
tude information from nadir observations.
Instrumentation: Heterodyne  instruments  use  a 
combination of a LO signal with the signal to be detec-
ted to shift the frequency signal to a lower band where 
it can then be spectrally analyzed to great detail. 
While being a common technique at radio and sub-
mm frequencies  only two infrared  heterodyne  instru-
ments  are  currently  applied  to  planetary  astronomy 
from ground based telescopes.  The NASA GSFC in-
strument HIPWAC (Heterodyne Instrument for Planet-
ary Winds And Composition) and the Cologne based 
receiver THIS (Tuneable Heterodyne Infrared Spectro-
meter) [2]. In THIS we use recently developed quan-
tum-cascade  lasers  as  LOs.  These  lasers  can  be  de-
signed  for  any mid-infrared  wavelength  and  provide 
sufficient optical power of tens of milliwatts at room 
temperature  operation.  An  individual  single  mode 
device usually provides a tuneability of 1 percent of the 
center wavelength [3].
State-of-the-art  MCT  detectors  provide  a  band-
width of up to 4 GHz and quantum efficiencies of bet-
ter  than  90%.  Combined  with  a  high  bandwidth 
backend  spectrometer  like  an  acusto-optical  spectro-
meter this allows the simultaenous detection of a full 
molecular line profile. 
Current  instrumentation  employs  a  substantial 
amount of free space optics to ensure optimal super-
position of LO and sky signal. In addition, calibration 
sources need to be included in the setup and require 
moving parts.  A schematic of the current heterodyne 
receiver is shown in Fig. 1.
Our  new  concept  involves  now  the  use  of  new 
waveguide technology which will eliminate all moving 
parts in the instrument as well as bulky free space op-
tics. The detector and the QCL can be mounted directly 
on the waveguide to minimize alignment efforts. Spec-
tral calibration and stabilization of the laser will be ac-
complished using the power output from the back facet 
of the laser to lock the output frequency to a reference 
line. An additional waveguide channel will be used to 
feed in a quasi blackbody signal for intensity calibra-
tion which will be generated by a fast switchable in-
frared emitter. The telescope can be connected via free 
Figure 1: Schematic of the heterodyne receiver THIS.
Fig. 2: Schematic of the new design. The heart of the  
instrument is the waveguide crystal. The main com-
ponents fit into a match box.
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space by focussing the output signal to the waveguide 
or by using a fibre line. A design sketch for the flight 
instrument is shown in Fig. 2. 
Application:  A number of atmospheric trace spe-
cies  are  found in the  mid-infrared  wavelength  range 
between 7 and 13 micron. A very important example is 
methane. Methane is not only a possible biotracer  in 
the atmosphere of Mars it is also abundant in the outer 
planet's atmospheres. Other molecules are SO2, ethyl-
ene or ozone. A special case is CO2 which exhibits non-
LTE emission in the mesospheric regions of the atmo-
spheres of Mars and Venus and probably the Earth's at-
mosphere.  These  non-LTE  features  can  be  used  as 
mesospheric direct probes for winds and temperatures 
in these atmospheres [4,5]. Fig. 3 shows a typical het-
erodyne spectrum from Mars recorded at 10.4 µm at a 
spectral resolution of better than 106. 
Conclusion: Infrared heterodyne spectroscopy of-
fers a sensitive detection technique for the search of at-
mospheric trace gases. Recent technological advances 
will allow design and construction of an infrared het-
erodyne instrument for space application.
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Figure 3: Heterodyne spectrum from the atmosphere  
of Mars. Shown is the P2 line of the 10.4 µm band.  
The various contributions to the spectrum are listed.
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Introduction:  InSight is a proposed Discovery-
class mission to study the martian interior. The focused 
InSight payload consists of a seismometer, a radio 
tracking experiment, and a heat flow probe, and will 
address fundamental questions of martian geophysics. 
Main mission goals are the determination of the size, 
physical state, and composition of the core, the thick-
ness of the crust, and the thermal state of the martian 
interior. 
To constrain the thermal state of the interior, In-
Sight will measure the planetary heat flow at the land-
ing site using the Heat Flow and Physical Properties 
Package (HP3) [1]. Heat flow is expected to vary with 
location on the surface of Mars [2], and a first meas-
urement will provide an important baseline to constrain 
mantle potential temperatures and the bulk abundance 
of heat producing elements in the martian interior. 
Candidate landing sites are located in the Elysium 
region of Mars, with a baseline landing at 139oE 1oN, 
and the InSight station will operate for a full martian 
year. This general framework is ideal for heat flow 
measurements, as temperature signals due to the sea-
sonal variation can be removed from long measure-
ments [3]. Furthermore, the influence of periodic sig-
nals due to, e.g., the martian obliquity variations, are 
minimized for a near equatorial landing site [4]. 
Instrument description:  HP3 [a] consists of a 
suite of sensors that will be emplaced into the martian 
subsurface by means of an electro-mechanical ham-
mering mechanism. Sensors include temperature sen-
sors and heaters to measure the thermal gradient and 
thermal conductivity of the regolith as well as tilt sen-
sors to determine the position of the instrument in the 
ground. The instrument is foreseen to penetrate up to 5 
m into the martian regolith and perform depth resolved 
measurements, from which the surface planetary heat 
flow can be directly deduced.  
The instrument consists of three functional subsys-
tems as shown in Fig. 1: The mole houses the electro-
mechanical hammering mechanism to provide capabil-
ity for penetration into the regolith, the heating foils 
employed for thermal conductivity measurements, and 
the tilt sensors. The instrumented tether provides the 
power and data link to the surface and acts as a carrier 
for the temperature sensors for the thermal gradient 
determination. The support system stays on the surface 
after deployment and provides secure storage of Mole 
and Tether during all flight phases. It also houses the 
engineering tether, which will connect the instrument 
to the electronics box in the warm compartment of the 
lander. As no drilling is required to achieve soil pene-
tration, HP3 is a relatively lightweight heat flow probe, 
weighting less than 2 kg. 
 
Figure 1: Schematics of the HP3 instrument showing 
the functional subsystems. 
 
Instrument Redesign: The HP3 instrument has 
been redesigned with respect to previous applications 
for Mars [5] and the Moon [6], and the Payload Com-
partment (PC) has been descoped. This configuration 
change positively influences the penetration perfor-
mance of the instrument (see Fig. 2). The tiltmeter and 
heating foils were moved from the PC to the Mole. To 
accommodate the heating foils, the Mole diameter was 
slightly increased and the length slightly increased. 
Shock mitigation has been added for the tiltmeter. 
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Figure 2: Penetration performance of HP3 in the high-
ly cohesive martian soil simulant MSSD. The red sym-
bols indicate a test done with only sand sized particles; 
the blue symbols are for a test with mixtures of particle 
sizes including rocks up to 1 cm throughout and a layer 
of rocks up to 10 cm in diameter at a depth of 1 m. The 
final penetration depth was limited by the height of the 
employed test cylinder. 
 
Measurement principle: HP3 will measure tem-
peratures using platinum resistance temperature detec-
tors, which are mounted on the tether and will allow 
for a determination of the column temperature profile 
with a depth resolution of 35 cm. The thermal gradient 
in the regolith is then obtained from the combination of 
temperature and position measurements, i.e., the devia-
tion of the mole path from the vertical and the amount 
of paid out tether.  
The basic principle applied to determine the ther-
mal conductivity is the controlled injection of a speci-
fied amount of heat into the medium and a measure-
ment of the subsequent temperature increase of the 
heater, the self-heating curve [7]. We will use the Mole 
as a line heat source and determine thermal conductivi-
ty form a detailed numerical thermal model of Mole 
and regolith.  An additional independent measurement 
of the regolith’s thermophysical properties will be 
obtained from a measurement of the attenuation of the 
diurnal temperature wave amplitude.  
 
Instrument Operations: After landing, the seis-
mometer and HP3 will be deployed onto the martian 
surface by means of a 2.4 m long robotic arm within a 
time period of 30 sol. Deployment away from the 
lander will minimize the effects of lander shadows, 
which might otherwise alter the thermal structure of 
the regolith and affect the measurement [8]. 
After deployment, HP3 will execute hammering cy-
cles, penetrating 50 cm into the subsurface per cycle. 
Thereafter, heat built up during hammering will be 
allowed to dissipate for 48 h, before a thermal conduc-
tivity measurement is executed for 24 h. This cycle is 
then repeated until the final penetration depth of 5 m is 
reached or further progress becomes impossible. 
In this way, a target depth of 5 m can be reached 
within 30 days, after which the long-term monitoring 
phase starts. This phase consists of tether temperature 
measurements on the hour and lasts to the end of the 
mission.  HP3 measurement requirements also can be 




Figure 3: Operational scenario for HP3 after deploy-
ment onto the ground by the robotic arm. 
 
Conclusions: The HP3 instrument is a light-weight 
heat flow probe which is being developed for an appli-
cation on the InSight mission to Mars.  If the mission is 
selected, HP3 will conduct the first planetary heat flow 
measurement since Apollo, providing the first direct 
measurement to constrain the thermal state of the  
planet. 
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Introduction: The Mars Organic Molecule Analyzer 
(MOMA) is a combined pyrolysis gas chromatograph 
mass spectrometer (GC-MS) and laser desorption mass 
spectrometer (LD-MS). It will be the key instrument of 
the ESA Roscosmos ExoMars 2018 mission to search 
for extinct and extant life. Additionally the instrument 
should detect the organic background for example de-
livered by meteorites to Mars. 
 
 
Fig. 1.  Overview of MOMA instrument modules (not to 
scale). 
 
Science scope:  The long standing question of life 
on Mars was targeted by several missions but up to 
now no conclusive evidence for life was found. More-
over organic molecules were absent or nearly absent in 
all in situ measured samples. The absolute lack of or-
ganic material is astonishing as the annual meteoritic 
influx is estimated to ~2 10
6
 kg (equivalent to ~2 10
5
 
kg organic carbon [1].  
LD-MS and GC-MS target different sections of the  
organic molecule inventory. The LD-MS is capable to 
volatilize and ionize large refractory molecules. It is 
nearly impossible to imagine a non-biological synthe-
sis of large molecules with a specific (non statistical) 
mass distribution. Therefore this would indicate extant 
life or recent life because large molecules tend to dete-
riorate over time. GC-MS is capable to separate and 
identify smaller molecules. The separation is especially 
important to find patterns in the distribution of the 
molecules (patterns in molecule distribution). An ex-
ample for such patterns is the distribution like here on 
earth where most of the fatty acids encountered are 
even-numbered because they are synthesized by C2 
units. This is a good indicator for an active biochemis-
try.  
In addition to the focus on organic molecules the 
LD-MS is capable also to detect atoms and clusters 
from inorganic rock matrix. 
Simple thermal analysis is possible during the heat-
ing of the sample in the oven. The temperature will be 
monitored  making it possible to observe exothermic or 
endothermic reactions in the sample. 
Mission:  In the beginning ExoMars was planned 
as a technical demonstration mission as the first in a 
long series ending with the manned European mission 
to Mars. The incorporation of scientific payload and 
several changes in mission design culminated in the  
combination of the NASA caching rover MAX-C with 
the Exomars rover yielding a Mars Science Laboratory 
size rover. At this point in 2011 mass and power allo-
cated to the science instruments was at a maximum. 
Since NASA has left the ExoMars project the much 
smaller previous design will be used in a joint 
ESA/Roscosmos mission. 
Goal of the mission is the search for extinct and extant 
life. A drill will be capable to acquire samples from a 
depth of up to 2 meters below the surface where the 
survival rate of organic molecules might be higher [2]. 
The other instruments in the analytical drawer are the 
Raman spectrometer and the MicOmega (visible and 
infrared microscope). The combination of the results of 
all three instrumens provides an overview of organic 
and inorganic environment of the acquired sample. 
Instrument:  MOMA is focusing on the detection 
and identification of organic compounds. Mass spec-
troscopy is an ideal method to identify organic com-
pounds by their fragmentation pattern. Fragmentation 
is induced by electron impact or collision yielding 
smaller fragments from which the structure of the 
complete molecule can be deduced. 
Heritage. Some parts of the instrument have a his-
tory on other missions. The oven and tapping station to 
contact and close the oven is a size increased improved 
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version which is part of the Cometary Sampling and 
Composition (COSAC) experiment onboard of the 
Rosetta mission. In the GC valves to switch the helium 
gas are similar to the ones used in COSAC [3], while 
the GC-column assembly is very similar to the one 
used in SAM onboard MSL. The Data Processing Unit 
(DPU) is derived from the electronics used for Sample 
Analysis on Mars (SAM) onboard MSL [4].  
  
Fig. 2.  Prototype of the MOMA GC. 
 
Gas-chromatograph.  The gas chromatograph 
[Fig. 2] is provided by two French institutes LATMOS 
and LISA. The development of the instrument is based 
on the SAM GC. Some parts like the GC-column 
packages are very similar, while the Helium handling 
system is dominated by electrostatically switched mi-
cro valves similar to those used in COSAC. 
Three of the four GC-colums will cover the range 
from very volatile organic compounds to more refrac-
tory ones. One column will use chiral column material 
to enable the GC to separate enantiomeres. The GC 
will be able to detect organic molecules with thermal 
conductivity detectors (TCD) independent of the oper-
ations of the MS. The helium pressure tank stores the 
helium used as mobile phase for the gas chromatog-
raphy. To improve the resolution the volatile com-
pounds from the oven are trapped in cold traps and 
then injected by rapid heating of the traps. The GC 
contains electronics to measure and regulate all inter-
nal parameters. For example the heaters for the col-
umns, the TCD and the capillaries.  
Mass spectrometer. The mass spectrometer togeth-
er with the data processing unit is provided by the 
Goddard Space Flight Center. The linear ion trap (LIT) 
[Fig. 3] is capable of working at a relatively high pres-
sure compared to time of flight and sector field mass 
spectrometers. This is a benefit because it reduces the 
need for large vacuum pumps. The Creare pump used 
is a smaller version of the ones used in the SAM in-
strument. The mass spectrometer will be sensitive to 
masses in the range of  44 to 1000 amu. The lower 
mass cut off is due to the carbon dioxide (mass 44) and 
the restrictions of an ion trap MS. The achievable mass 
resolution below m/z 500 will be 1 Da and and 2 Da 
between m/z 500-1000 (full width half maximum peak 
widths). 
  
Fig. 3.  MOMA LIT-MS with SAM heritage EI 
source assembly. 
 
The mass spectrometer either works as a detector 
for the gas from the GC or as detector for the Laser 
desorption. To avoid saturation in GC mode part of the 
gas is vented in a split. The gas is introduced into the 
MS and then ionized by an electron beam. In LD mode 
the crushed rock sample is presented to the MS on the 
refillable sample container directly below the aperture 
valve. The laser hits the sample at a rate of up to 
100 Hz in burst mode and the valve opens. The pres-
sure gradient and the ion optics guides the ions into the 
MS and the aperture valve closes again. During pump 
down the ions are stored in the trap and after reaching 
an acceptable vacuum the mass spectrum is recorded. 
 Laser. The laser desorption works best at short wave-
length. Therefore a UV-laser is used in the instrument. 
The laser has two parts: the laser electronics and the 
pump unit [Fig. 4]. An 808 nm diode laser module 
provided by Jenoptic is the heart of the pump unit. The 
necessary electronics and capacitor banks are built at 
the Max-Plank-Institut für Sonnensystemforschung 
(MPI). The pump unit is connected to the laser head by 
a glass fiber. The laser head which is provided by the 
Laser Zentrum Hannover (LZH) houses the neodymi-
um-YAG laser medium, two subsequent doubling crys-
tals and the focusing lenses for the beam. The doubling 
from 1064 nm to 532 nm and another doubling to 
266 nm leads to 75% loss of initial beam energy. The 
resulting 1 ns laserpulse of 250 µJ is focused on a spot 
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of 400 µm.. With a repetition rate of 10Hz and a burst 
mode of 100 Hz the laser is capable to generate the 
necessary amount of ions[5]. 
 
Fig. 4.  MOMA laserhead (left) and laser electron-
ics and pump module (right). 
 
Oven and tapping station. The oven and tapping 
station [Fig. 5] are used to handle the sample delivered 
by the Sample Preparation and Distribution System 
(SPDS). The tapping station is used to encapsulate the 
sample and provide pneumatic connection for the heli-
um to get into the oven and conduct volatilized com-
pounds into the GC. The electrical contacts for the 
heaters and the temperature sensor are also provided 
by the tapping station. Two kinds of ovens are planned 
to be used. The first is a pyrolysis oven capable to 
reach a temperature of 1000°C. This temperature is 
needed to volatilize the refractory organics[6]. The 
second oven type has small sealed capsules filled with 
a chemical substance which reacts with active sites of 
potential organic molecules present and improves their 
volatilization. Derivatisation is an established method 
in mass spectroscopy and it is part of the COSAC ex-
periment and SAM. For the derivatization ovens the 
temperature range will be lower.   
 
Fig.5.Tapping station prototype on pressure test 
stand. 
Operational modes: Several types of measure-
ments can be done with the instrument. As helium and 
ovens are limited in amount the LDI method which 
uses no consumables will do the first measurements to 
establish an insight into the amount of organic material 
present in the sample. There is a fast survey mode 
which uses only limited amount of time and a detailed 
mode in which several spots on the sample are tested 
with varying parameters on laser energy and MS pa-
rameters.  
If a sample looks promising GC-MS will be used as 
well. Either an derivatization oven or a pyrolysis oven 
will be used depending on the results of the LD-MS 
and the other ExoMars instruments. The SPDS is able 
to distribute a second aliquot of the sample to the re-
fillable sample container or one of the ovens enabling 
the instrument to use all methods on one sample.
 
 
Fig. 6. MOMA GC breadboard during AMASE 
fieldtrip. 
 
AMASE 10 and 11.  The GC was tested twice dur-
ing the Arctic Mars Analogue Sample Expedition in 
2010 and 2011 [Fig. 6]. The performance and the sta-
bility of the instrument were above expectations and 
provided GC plots of pyrolysis products from rock 
samples[7]. 
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Introduction:  Dust is widely spread throughout 
the solar system and its study is critical for the under-
standing of processes that lead to the formation and 
evolution of our planetary system. The last sophisti-
cated dust instrument launched on a planetary mission 
is the Cosmic Dust Analyzer (CDA) operating onboard 
the Cassini spacecraft. CDA is a highly successful in-
strument that has analyzed the stream particles from 
the Jovian system and the ring particles of Saturn, and 
proven vital in analyzing the plumes of Enceladus and 
understanding the processes that lead to its formation. 
Since the development of the CDA instruments, there 
has been a significant advancement of dust detector 
technologies and instruments with much higher mass 
resolution and/or sensitivity for a wide range of plane-
tary science applications.  
This presentation is a review of the capabilities of 
modern dust instruments and their applications in fu-
ture planetary missions. The Lunar Dust EXperiment 
(LDEX) instrument has been developed for the upcom-
ing LADEE mission and is likely to be the most sensi-
tive instrument ever launched. The Dust Trajectory 
Sensor (DTS) can measure the velocity vector of dust 
particles in space with high precision and can also aid 
sample return. The Electrostatic Lunar Dust Analyzer 
(ELDA) instrument is developed to detect slow mov-
ing dust particles on/near the lunar surface or asteroids. 
The Large Area Mass Analyzer (LAMA) instrument is 
developed to have a mass resolution much larger than 
CDA for the chemical and isotopic analysis of inter-
stellar, interplanetary and planetary dust particles. A 
particularly valuable contribution of the LAMA in-
strument would be to the upcoming JUICE mission by 
ESA to analyze the composition of particles originat-
ing from the icy surfaces of Europa, Ganymede and 
Callisto. The Nanodust Analyzer (NDA) is an instru-
ment under development for detection and chemical 
analysis of nanosized particles originating from the 
inner solar system and accelerated outward by the solar 
wind. The NDA instrument is special in a way that it is 
designed to operate in a harsh condition with the Sun 
in, or close to the field-of-view of the instrument.  
LDEX:  The Lunar Atmosphere and Dust Envi-
ronment Explorer (LADEE) spacecraft will be 
launched in May 2013, and will orbit the Moon for 
about 100 days to map the neutral gas and dust distri-
bution. LDEX is a dust detector instrument designed 
and built for the LADEE mission. LDEX is the most 
sensitive detector ever to fly on a space mission and 
can identify individual impacts of particles > 0.25 mi-
cron in radius. Smaller particles can be detected in a 
cumulative mode, if present in sufficient quantities. 
LDEX is the first dust detector instrument optimized 
for operation while exposed to the UV environment 
above the sunlit lunar surface. The instrument is cali-
brated at two dust accelerator facilities: one at the 
Max-Planck Institute in Heidelberg and one at the 
Colorado Center for Lunar Dust and Atmospheric 
Studies (CCLDAS), University of Colorado. On the 
lunar surface, there are two basic mechanisms that can 
elevate dust particles to high altitudes. The first is due 
to the continual micrometeoroid bombardment of the 
lunar surface that is generating a permanently present 
dust cloud around the Moon. Similar dust clouds have 
been detected near the Galilean moons of Jupiter, but 
not yet around the Moon, likely because of the insuffi-
cient sensitivity of previously flown instruments. The 
second possible mechanism is due to the electrostatic 
charging of the lunar surface that has been theorized 




Figure 1. The completed LDEX flight instrument 
for LADEE.  
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DTS:  The Dust Trajectory Sensor (DTS) instru-
ment is developed for the measurement of the velocity 
vector of cosmic dust particles. The trajectory informa-
tion is imperative in determining the particles’ origin 
and distinguishing dust particles from different 
sources. The velocity vector also reveals information 
on the history of interaction between the charged dust 
particle and the magnetospheric or interplanetary space 
environment. The DTS operational principle is based 
on measuring the induced charge from the dust on an 
array of wire electrodes. In recent work, the DTS ge-
ometry has been optimized [1] and a method of trigger-
ing was developed [2]. The method of analyzing the 
DTS data and results from a parametric study on the 
accuracy of the measurements was published in [3]. 
The prototype instrument has been tested with particles 
in the velocity range of 2–5 km/s using the Heidelberg 
dust accelerator facility. Both the numerical study and 
the analyzed experimental data show that the accuracy 
of the DTS instrument is better than about 1% in ve-
locity and 1º in direction. 
The DTS instrument can be applied in combination 
with a chemical mass analyzer instrument (e.g., 
LAMA – see section below) to obtain the full informa-
tion of the dust particle, including the origin, the dy-
namics and the chemical composition.   
DTS in combination with an aerogel (e.g., Stardust 
mission) or other dust collector materials can greatly 
enhance the science value of returned cosmic samples 
[4]. Such combination provides not only individual 
trajectories of the collected particles but also the time 
of impact and the location within the collector mate-
rial. This information can be essential when looking 
for collected sub-micron sized particles.  
 
 
Figure 2. The DTS prototype instrument for the trajec-
tory measurement of cosmic dust particles.  
 
ELDA: The detection of slow moving dust parti-
cles on or near the lunar surface or asteroids is diffi-
cult, as these particles do not possess sufficient kinetic 
energy or momentum to apply standard techniques. 
The best option is to detect the charge the particles 
carry. The Electrostatic Lunar Dust Analyzer (ELDA) 
is derived from the DTS concept. Similarly to DTS, 
ELDA consists of an array of wire electrodes, but in a 
combination with a deflection field region, where the 
particles’ trajectory is modified by a strong electro-
static field. The amount of deflection yields the mass 
of the particles. The first basic prototype of the ELDA 
instrument has been constructed, tested and character-
ized in the laboratory [5]. 
 
 
Figure 3. The design of the ELDA instrument. The top 
and bottom section are regions with wire electrode 
arrays, where the trajectory is measured. In the middle 
section the biased electrodes generate a strong electric 
field that deflects the particles for mass determination.  
 
LAMA: Cosmic dust particles from remote sites 
and times are treasures of information. By determining 
the dust particles' source and their elemental proper-
ties, we can learn about the environments where they 
were formed and processed. Interplanetary dust that 
originates from comets and asteroids represents even 
more processed material at different stages of Solar 
System evolution. Interstellar and interplanetary dust 
particles from various sources can be detected and ana-
lyzed in the near-Earth space environment. 
The newly developed Large Area Mass Analyzer 
(LAMA) can provide the high-resolution elemental 
composition of individual dust particles. The operation 
principle is based on analyzing the composition of the 
ions generated by the hypervelocity dust impact in a 
time-of-flight fashion. Compared to the CDA’s mass 
resolution of m/dm < 50, the LAMA instrument 
achieves m/dm >100 by employing a reflectron that 
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compensate for the initial ion energy distribution.  
Several prototype LAMA instrument have been built 
and tested in the laboratory with sensitive areas from 
0.2-0.02 m2. The larger instrument can be used for the 
detection and analysis of interstellar dust particles with 
low fluxes. Smaller instruments are well suited for 
planetary applications, where dust is more abundant. 
For example, a ~0.02 m2 effective area instrument 
could be used for compositional mapping of the Gali-
lean satellites onboard the upcoming JUICE mission. 
The capabilities of the LAMA instruments have been 
tested at a dust accelerator [6,7].  
 
 
Figure 4. One of the developed and tested LAMA in-
strument with 0.06 m2 effective target area.   
 
NDA: All previously flown dust instrument have 
avoided looking into or close to the Sun due to the 
harsh UV radiation. The radio wave antennas on the 
two STEREO spacecrafts indicated the potentially very 
high flux of nanometer-sized particles coming from the 
inner solar system. These particles are generated by 
collisional grinding or evaporation close to the Sun and 
subsequently accelerated to high velocities by the solar 
wind. Despite the detection, the wave instrument can-
not determine the mass or chemical composition of 
these particles. The latter is valuable information that 
could enable the study chemical differentiation of solid 
matter near the Sun from orbit close to the Earth or the 
lunar surface, for example.  
A new, and highly sensitive Nanodust Analyzer 
(NDA) instrument is under development to confirm the 
existence of nanosized dust particles, characterize their 
impact parameters, and measure their chemical compo-
sition. If placed on the Moon, the NDA instrument 
could at the same time look for high-speed ejecta parti-
cles near the surface. The instrument is derived from 
the Cassini Dust Analyzer, CDA and  LDEX instru-
ments. NDA is developed to a requirement of operat-
ing, while pointed towards the Sun. The measurements 
will enable the identification of the source of the dust 
by comparing their elemental composition with that of 
larger micrometeoroid particles of cometary and aster-
oid origin, or with that of lunar regolith particles. In 
addition, the flux direction of these different particle 
types will be significantly different: while high speed 
ejecta particles will arrive from shallow angles with 
respect to the lunar surface heliospheric, nano-dust 
particles will arrive mostly from the solar hemisphere.  
 
 
Figure 5. The CAD design of the Nanodust Analyzer 
(NDA) instrument.  
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Introduction:  The precision of attitude estimation 
can have a large impact on mission completeness. 
However, the requirements for high performance con-
flict with the requirements for low cost, low weight, 
and small volume. 
An attitude sensing system using thermopile sen-
sors has been reported [1].  It is possible to construct a 
low-cost attitude sensing system using thermopile sen-
sors.  
In the present paper, we propose a new method to 
improve the performance of attitude sensing using 
thermopile sensors with the aid of rate gyros. In this 
study, first, a general attitude estimating algorithm 
using photodetectors is formulated. Next, the response 
of the thermopile sensor on an orbit is modeled. Final-
ly, a method for improving precision using rate gyro 
outputs is described. 
Attitude Sensing System:  The formulation of the atti-
tude sensing method [2] is described briefly as follows: 
Let the angle between the light source and the i-th photo-
detector be    and the sensor output be    (Fig. 1). 
 
 
Let the following equation be satisfied. 
      (  ) (1) 
where    is a unique function of each photodetector. Let 
the direction of the sensor,   , and the direction of the 
light,  , be as follows: 
 
    [         ]
              (2) 
 |  |    (3) 
 
   [      ]    (4) 
 | |    (5) 
These are associated with the body axes. The direction 
of light   is determined from the sensor output   . From 
Eqs. (3) and (5),  
   
          (6) 
is obtained. Because the sensor outputs contain measure-
ment noise, the estimated angle between the light and 
sensor using the i-th sensor output is affected by the 
measurement noise. The estimated angle  ̂  is then formu-
lated as follows: 
The direction of light is determined from all sensor out-
puts by solving the following optimization problem: 
       ̂               |  ̂   |       | ̂|    (8) 
   [     ]  (9) 
   [    ̂      ̂ ]
  (10) 
Here,   is the number of sensors, and the solution to 
the optimization problem,  ̂, is the estimated direction of 
light. Matrix   should have a full column rank to deter-
mine direction  ̂ . Therefore, at least, three thermopile 
sensors are necessary. 
Figure 2 and Table 1 show the constructed engi-
neering model. In addition to the thermopile sensor, 
this model is equipped with photodiodes. The direction 
to the earth and the sun are detected and the attitude of 
the spacecraft is estimated. 
 
 
Fig. 2 Engineering model of attitude sensing sys-
tem 
 
















length is 5500 
nm. 
  ̂    
  (  )  (7) 
Fig. 1 Direction of the sensor and the light 
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Modeling on orbit:  The basic calibration experi-
ments were carried out and the responses under the 
realistic conditions were modeled. The HITE-E ther-
mopile sensor from HEIMANN Sensor was selected as 
a candidate. The cut-on wavelength is 5500 nm. The 
sensor was set on the front of a black body (Fig. 3), 
and the sensor output was measured for various tem-
peratures of the black body.  
 
 
Fig. 3 Experimental apparatus 
 
Figure 4 shows the relationships between the 
measured sensor output and the calculated radiation 
flux that was input to the thermopile sensor. Because 
this sensor has a temperature compensation system, the 
output is not affected by the sensor’s temperature.  
 
Fig. 4 Results of calibration experiments 
 
On an orbit, the sensor output depends on the con-
figuration factor between the sensor and the earth sur-
face in the field of view of the sensor. Using the cali-
bration results, the output of the thermopile sensor is 
simulated subject to the angle between the sensor and 
the normal of the earth surface for different altitudes 
and angular fields of view (Fig. 5). The configuration 
factors [3] were calculated numerically by dividing the 
earth’s surface and sensor surface into a small triangle 
mesh. The simulated results are shown in Fig. 6. 
 
Fig. 5 Thermopile sensor on orbit 
 
 
Fig. 6 Sensor outputs on orbit 
 
When the angular field of view is small, the sensi-
tivity of the output to attitude changes is high. Howev-
er, the range of the attitude with a small field of view is 
narrower than that with a large field of view. Although, 
the sensitivity depends on the sensor altitude, the atti-
tude can be estimated without information of altitude 
using sensors assigned to different directions. 
Virtual Sensor:  The precision of the proposed 
system will be improved when more sensors are used. 
However, this results in an increase in both weight and 
cost. Instead, past sensor outputs with known altitude 
changes can be used as present sensor outputs. Conse-
quently, the measured data is increased virtually. 
(a) Angular field of view = 20° 
(b) Angular field of view = 5° 
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Let the direction of the i-th sensor at time   be      
associated with the body axis. The output of the sensor 
is   ( ). From eq. (7), the direction of the light source 
can be estimated as 
 Here, the sensor direction at time       is the fo-
cus. Usually, the spacecraft body oscillates slightly. 
The past sensor direction is different from the present 
value. The change in attitude from       to   can be 
estimated by integrating the output of the rate gyros 
along the three axes. Recent MEMS rate gyros are very 
small and suitable for the proposed system. A small 
rate gyro has a larger error than a large, high-
performance rate gyro. However, because the integrat-
ing time is short, error in estimation of attitude change 
is also small. Let the transformation matrix from the 
body axis at       to that at the present time   be 
       
  ( ). The past sensor direction associated with 
the present body axis becomes 
The direction of the light source from this sensor is 
Consequently, the problem in determining the attitude, 
i.e., Eq. (8), becomes as follows: 
       ̂               |  ̂   |       | ̂|    (14) 
   [                  ]  (15) 
   [    ̂      ̂   
            ̂        ̂    ]
  (16) 
 
Obviously, the number of the available data is in-
creased. Then, the estimation error due to the sensing 
noise of the thermopile sensor is decreased. 
Conclusions:  An attitude sensing system using a 
thermopile sensor was proposed. The relationships 
between the sensor outputs and the sensor attitude 
were formulated. The attitude can be obtained by solv-
ing the formulated problem. The simulation of the sen-
sor output on an orbit indicated that the proposed sys-
tem has sufficient performance for practical spacecraft. 
Furthermore, a virtual sensor method was proposed. 
The method uses the outputs of rate gyros to increase 
the measured data and to improve the precision. With 
the proposed method, a small and light-weight attitude 
sensing system can be realized. Therefore, a redundan-
cy system can be constructed easily. This is an ad-
vantage when COTS is used. Even if some sensors fail, 
the performance of attitude sensing can be maintained 
by the remaining sensors with the proposed virtual 
sensor method. The modeling of the sensor output with 
a configuration factor revealed the performance when 
it is used on an orbit. Next, the engineering model of 
an attitude sensing system using rate gyros will be con-
structed, and dynamics experiments will be performed 
to validate the bandwidth and precision. 
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Introduction:  The lakes and seas on Titan  repre-
sent the only known extraterrestrial seas in our Solar 
System.  Exploration of these bodies, thought to be 
composed primarily of methane and ethane, represents 
a primary science goal for Titan and Outer Planet sci-
ence.  Titan lake and sea landers have been studied as a 
potential element in the Titan Saturn System Mission 
(TSSM) [1], as a stand-alone mission concept [2], and 
finally in a detailed Phase A study for the Discovery 
Mission candidate Titan Mare Explorer (TiME).   
 
 Although the Titan sea is expected to be principally 
ethane [3], the exact mixing ratios of methane, pro-
pane, and more complex hydrocarbons and nitriles in 
Ligeia Mare is not known. The determination of the 
sea composition, including dissolved noble gases and 
high-molecular weight hydrocarbons, is one of the 
prime motivations for such a mission.  These meas-
urements have implications for understanding the CH4 
cycle on Titan, constraining the origin and evolution of 
the moon, and surveying the extent of prebiotic chem-
istry in Titan’s environment.   
Instrument Development:  While the science val-
ue for such a measurement is clear, sampling from a 
cryogenic sea and transferring a high-fidelity sample to 
a mass spectrometer for compositional analysis is not a 
trivial task.  In the 2011 Planetary Decadal Survey 
Visions and Voyages [2], the recommendations for 
future technological development needed for Titan 
exploration specifically called out “The cryogenic en-
vironment and lack of heritage in lake probe design 
necessitates strategic investment in technology devel-
opment, including cryogenic sample acquisition and 
handling.”   
Here we will discuss the challenges inherent in 
cryogenic fluid sampling and mass spectrometric 
measurement of Titan seas, which have been success-
fully met by the Goddard-based instrument.  We will 
describe the approach designed to secure these meas-
urements, including methods developed and tested to 
robustly sample the cryogenic fluid.  Our cryogenic 
sampling inlet was tested in fluids that accurately sim-
ulated the cold temperatures and thermodynamic prop-
erties of the Titan sea, demonstrating excellent perfor-
mance across multiple sample acquisition cycles (Fig-
ure 2).  The sampling approach and testing results will 
be discussed. 
 
The cryogenic sampling inlet and mass spectrome-
ter were developed for the TiME mission during Phase 
A study, but are also applicable to future Titan sea 
landers.  
 
References:  [1] Titan Saturn System Mission Fi-
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Figure 2: The cryogenic sampling inlet showed 
successful sample acquisition and processing during 
consecutive sample cycles. The inlet was developed 
for sampling a cryogenic Titan sea and converting it 
to a gas for measurement in a mass spectrometer. 
Figure 1: Ligeia Mare, one of the largest seas 
on Titan, is the best mapped to date and a 
prime science target for Titan sea exploration.   
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Introduction: Mass spectrometers (MSs) are high-
ly sensitive and versatile chemical analyzers that have 
the capability to detect a wide range of organic com-
pounds, gases, and minerals. Micro electromechanical 
systems (MEMS) and nanotechnology open up a world 
of possibilities for cost-effective, large-scale batch fab-
rication of mass spectrometers that are far smaller than 
those presently available. 
In addition to the obvious advantages of Lab-On-
Chip flight instruments, batch fabrication will make 
possible low-cost networks of chemical analyzers. An 
order of magnitude smaller than current MSs, these 
analyzers will ultimately lead to multiple-sensor sys-
tems for use in space flight missions, allowing the 
analysis of chemical distributions over large areas sim-
ultaneously [1]. 
Distributed networks of such sensors will be very 
powerful tools in the mid- to long-term Mars Explora-
tion Program, ensuring the safety of astronauts, ena-
bling chemical monitoring in multiple locations 
throughout spacecraft/habitats, surface vehicles, and 
astronaut suits, as well as for Mars surface deploy-
ments, and potentially improving redundancy capabili-
ties for long space flight missions [2]. The system’s 
functionality would therefore be very useful for chal-
lenge area number 1: Instrumentation and Investiga-
tion Approaches. 
Individual components of such miniaturized sys-
tems are being developed, integrated, and tested at SRI 
International (SRI). Arrays of micromachined µ-
cylindrical ion trap mass spectrometers (µ-CIT MSs [3-
8]) have already been successfully tested for the analy-
sis of gases.  
 
Approach: MEMS methods were used to fabricate 
µ-CIT MSs in a silicon-on-insulator (SOI) wafer using 
photolithography, deep reactive ion etching (DRIE), 
and metal deposition to obtain the metalized endplate 
and ring electrodes. Figure 1 is an illustration of the µ-
CIT electrodes. The performance of each of the 54 µ-
CITs in the array was individually investigated using a 




Figure 1: A cross-sectional schematic of a μ-CIT array 
fabricated in an SOI substrate. 
 
Results: Figure 2 shows the fabricated µ-CIT elec-
trodes (consisting of 54 ion traps). The µ-CIT elec-
trodes were operated under vacuum in the presence of 
background Kr gas at 4.10-5 Torr to test the quality of 
the mass spectra obtained from each trap. 
 
      
Figure 2: The two symmetrical µ-CIT array half-structures 
before bonding (left); the complete µ-CIT array obtained 
after bonding the two half-structures and mounting them on 
an Au-coated PCB substrate (right). 
 
The individually tested ion traps depicted in  
Figure 2 were able to produce mass spectra from gases 
such as Ar, CO2, O2, N2 and Kr
2+. The resolution (full 
width half maximum) of a single µ-CIT (less than 0.5 
m/z) is comparable to a single, larger-sized commercial 
ion trap MS. The mass spectrum obtained from an in-
dividual µ-CIT in the array of 54 is shown in Figure 3. 
 





Figure 3: Experimental mass spectral data from a single 
trap (z0/r0 = 0.97) in the µ-CIT array. Axial modulation was 
used to obtain better-than-unit mass resolution. Krypton 
doubly charged ions correspond to masses 82, 83, 84 and 
86. 
 
Other developments being pursued at SRI include the 
fabrication of a broad beam electron ionization source, 
a small vacuum system, and a multi-anode ion detector 
that will simultaneously read the mass spectra from 
each µ-CIT to increase sensitivity while reducing the 
size and power consumption of the device. 
 
Conclusions: MEMS technology provides a viable 
key approach for the extreme miniaturization of mass 
spectrometers. Ultimately, this approach will lead to 
versatile organic chemical and gas analyzers that are a 
full order of magnitude smaller than the conventional 
analyzers used in current space flight missions. These 
compact, batch-produced analyzers could be used to 
produce a low-cost, networked safety system for space-
flight missions while allowing for increased redundan-
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Summary: This paper provides a review of the 
methodology developed and applied by Seiff, et al. in 
constructing the upper atmospheric thermal structure 
of Jupiter’s atmosphere from the Galileo Probe entry 
data.   An assessment is made as to the challenges for 
extending not only the technique but also the applica-
bility of the ARAD sensor.  Recession measurement of 
the heat shield TPS obtained during Galileo probe en-
try was relied upon to deduce the upper atmosphere 
temperature structure. Although the methodology is 
applicable for future Saturn or Uranus probe missions, 
a number challenges are identified and explored. The 
following questions are analyzed from a Saturn mis-
sion perspective: 1) The effect of entry environment of 
Saturn probe and the applicability of ARAD sensor, 2) 
the choice of TPS and its implication to the fidelity of 
estimating mass loss, 3) Applicability of TPS sensor 
suite MISP flying on MSL to Saturn and 4) ultrasonic 
thermometry, a new development in sensor technolo-
gy, applicability for TPS mass loss estimation.    
The time of flight will be considerably longer for 
Saturn due to substantially large atmosphere. Use of 
recession sensors data may not correlate well with 
mass loss, depending on the choice of the TPS. In or-
der to construct an accurate upper atmosphere thermal 
profile, high fidelity estimate of the mass loss is need-
ed and we discuss how this can be achieved. Meas-
urement of the mass loss of the ablative TPS requires 
an assessment of the entry profile, determination of the 
char as well as recession as a function of time. Ad-
vances in sensor development based on ultrasonic 
techniques, if matured and integrated with the recently 
developed MISP TPS sensor, some of these concerns 
could be easily addressed.   The ultrasonic thermome-
try, a new, non-intrusive measurement technique and 
its development and integration with a new family of 
ablative TPS are discussed in a companion paper.  We 
recommend an integrated sensor suite based on MISP 
on MSL and ultrasonic thermometry for Saturn atmos-
pheric structure investigation.   
 
Introduction: Saturn (and Uranus) Probe missions 
were identified as high priority missions by the NRC 
Decadal Survey Committee in its report “ Visions and 
Voyages for Planetary Science in the Decade 2013-
2022” [1].  Mission studies performed in support of the 
Survey identified determination of the atmospheric 
structure as a high priority scientific objective. The 
NRC Council identified a number of scientific ques-
tions, especially related to the thermal structure, in 
order to understand the atmospheric dynamical pro-
cesses, heat flow and radiation balance for all the outer 
planets and more importantly for Saturn. Some of the 
relevant questions identified are: 1) what are the cur-
rent pressure-temperature profiles? 2) Why and how 
does the atmospheric temperature and cloud composi-
tion vary with depth and location on the planet? 3) 
Which processes influence the atmospheric thermal 
profile, and how do these vary with location? and 4) 
What mechanism has prolonged Saturn’s thermal evo-
lution? [1] 
Atmospheric structure investigation (ASI) is de-
signed to obtained direct measurement of the pressure, 
temperature, etc. once the science probe is deployed 
and free of interference from heat shield.  No direct 
measurement of pressure, temperature or density can 
be measured at upper reaches of Saturn when the probe 
entry is at speed close to 28 km/s and the hypersonic 
shock layer prevents direct measurement.  The chal-
lenge of determining the upper atmospheric structure 
was first solved by Al Seiff.  Al Seiff developed and 
applied the method for determining the thermal Struc-
ture as well as the pressure-temperature relationship of 
Jupiter’s upper atmosphere from the mass loss of the 
heat shield determined via recession measurement dur-
ing Galileo Probe entry.  This technique is well de-
scribed in Ref. [2]. The following paragraph is extract-
ed from Ref [2].  
“During entry, the probe heat shield was ablated by 
radiative and convective heating from the shock-layer 
plasma.  Sensors embedded in the heat shield measured 
the surface recession as a function of time, and were 
used to calculate changes in probe mass and frontal 
area as functions of time.  The density of the atmos-
phere was derived from probe decelerations through 
Newton’s second law and the defining equation for 
drag coefficient,  
D	  =	  	  (1/2)(ρV2)CDA	  =	  ma	  	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐(1)	  
Here, D is the aerodynamic drag on the probe; ρ, the 
atmosphere density; V, the probe velocity; CD, its drag 
coefficient; A, the frontal area, m, the probe mass; and 
a, the deceleration.  Probe velocity was determined as 
a function of time by integrating the measured probe 
decelerations. Pressure is obtained from the density 
profile with the assumption of hydrostatic equilibrium.  
Temperatures were derived from these pressures and 
densities and the equation of state, P = ! rRT.  The gas 
constant, R, varies with altitude according to a compo-
sition model, which defines atmospheric mean molecu-
398 LPI Contribution No. 1683
lar weight as a function of altitude.  At the start of de-
scent, density calculated from pressure and tempera-
ture measurements agreed closely with the final densi-
ty from the entry profile, demonstrating small density 
uncertainty.”  [2] 
In the case of ablators, mass loss is a sum of reces-
sion mass loss as well as losses due to change in densi-
ty of the remaining TPS as a result of the pyrolysis 
decomposition process. Depending on the local tem-
perature	  and	  pressure,	   	  virgin	  material	  is	  converted	  to	  charred	   material	   and	   the	   decomposition	   results	   in	  generation	   of	   pyro-­‐gas	   which	   passes	   through	   the	  charred	  region	  to	  mix	  with	  external	  flow.	  	  	  	  
	  
Fig. 1 Energy accommodation mechanisms of ab-
lative TPS materials.  In	  some	  cases,	  the	  carbon	  in	  the	  pyrolysis	  gas	  may	  be	  deposited	  during	  it	  passage	  through	  the	  char	  region	  and	  increase	  the	  density	  of	  the	  char	  and	  this	  is	  knows	  as	   coking.	   	   For	   example,	   Apollo	   heat	   shield	   experi-­‐enced	  	  coking.	  	  As	  a	  result,	  the	  char	  layer	  was	  substan-­‐tially	   denser	   and	   the	   recession	   was	   substantially	   re-­‐duced	   during	   flight.	   	   The	   coking	   phenomenon	   is	   not	  very	  well	  understood	  as	  it	   is	  very	  difficult	  to	  simulate	  in	  ground	  test	  facilities	  (arc	  jets).	   	  The	  reason	  for	  this	  is	   that	   flight	   heating	   profiles	   are	   very	   different	   than	  arc	   jet	  test	  profiles	  and	  it	   is	  hypothesized	  that	  a	  thick	  char	  layer	  is	  a	  pre-­‐requisite	  for	  the	  Coking	  to	  happen.	  	  So,	   understanding	   the	   physics	   and	   chemistry	   of	   the	  ablative	  TPS	  is	  essential.	  	  
	  Figure	  3.	  	  Forebody	  ablative	  mass	  loss	  history	  (Ref	  3)	  	  
Galileo entry producedone of the most entreme en-
try heating and the recession that resulted in ~50% of 
the heatshield occurred within ~20 sec.  Recession on 
the Galileo probe was measured by ten analog re-
sistance ablation detector (ARAD) sensors installed in 
the forebody heat shield at six locations.  
In addition to the complexities of the ablation phys-
ics, understanding what exactly the recession sensors 
measures and how it is translated to mass loss is im-
portant. An ARAD sensor is a three-terminal electrical 
device that produces a voltage proportional to the 
length of the sensor.  
	   Figure	  2.	  	  Analog	  Resistance	  Ablation	  Detector	  	  (ARAD)	  Design.	  (reproduced	  from	  Ref	  3.)	  
 
As shown in Fig. 2, the sensor contains three coax-
ial electrically conductive components: an inner carbon 
phenolic rod, a closely wound helical coil of platinum-
tungsten wire, and a outer winding of nickel ribbon.  
Kapton® tape and epoxy are used to insulate the con-
ductive elements [3]. If the sensor tip is heated to sufi-
ciently high temperature (above 800–900 K), the Kap-
ton and epoxy layers pyrolyze to form a tenacious, 
conductive char that completes a circuit for electric 
current to pass through the ARAD.   
The ARAD data in reality corresponds to an iso-
therm between (800 K– 900 K).  In ablative materials, 
especially those with pheolic resin system such as the 
heritage carbon phenolic used as the TPS material on 
the Galileo Aeroshell, the pyrolysis process of decom-
position begins at a temperature range of (650 K– 700 
K).   When the heatflux is very high, the pyrolysis zone 
is realtively small and  the recession and pyrolysis 
front propagate at a uniform rate. As a result, the AR-
AD sensor though it follows an iso-therm, tracks the 
recession at high heatflux .   The resultsof arc-jet test-
ing of ARADs in the Giant Planet Facility confirmed 
this for the Galileo Probe, which showed ARAD data 
accurately measuring recession up to a maximum re-
cession rate of 0.1 cm/s.  
Modernized version of the ARAD recession sen-
sors are flying on the Mars Science Laboratory aero-
shell.  These sensors are integrated with thermocouple 
and seven such plugs are integrated on the PICA heat-
shield.  PICA is also a TPS material that is made of 
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making PICA is very different than that of heritage, 
fully dense carbon phenolic that protected Galileo aer-
oshell.  The HEAT sensor construction and the HEAT 
sensor integrated in the MISP plugs are shown in the 
figures below.   
  
TPS core 


















Figure 4.  HEAT is a recession sensor similar to but 
modernized version of the ARAD sensor [3] 
 
 
Figure 5.  MISP (MEDLI Integrated Sensor Package) 
plugs incorporate both recession and thermocouple 
sensors into a single plug [3]   
  
PICA being a low density ablalor capable of with-
standing peak heatfluxes ~ 1000 W/cm2.  MSL peak 
heatflux is most likely less than 250 W/cm2 and com-
bined with the lifting entry of MSL will result in rela-
tively small recession with significant charring of the 
ablator.  The MISP sensor is calibrated to provide re-
cession as well as char region as a result of two inde-
pendent measurements within a co-loacted plug.  The 
MISP plug on a PICA TPS for the MSL mission is a 
case study for designing a mass loss measurement for 
Saturn probe missions.   
On heat shield ablative TPS material selection 
and sensor integration:  Heritage carbon phenolic is 
no longer available due to the precursor rayon (Avtex) 
not manufactured since 1986. Future mission proposals 
have to baseline an alternate to heritage carbon phenol-
ic.  Recent upheavels in carbon due to termination of 
Space Shuttle Orbiter and delay in the development of 
Space Launch System by NASA are continuing to im-
pact the sustainability of the manufacturing processes 
and alternate carbon phenolic is becoming risky.  It is 
not clear if the carbon phenolic manufactruign is sus-
tainable in the longer term or not.   Recently NASA 
held a two day workshop entitled “ Carbon Phenolic 
and Beyond” to address these concerns.  The possible 
options are the use of nozzle grade rayon in conjunc-
tion with heritage processing to manufacture a Carbon 
Phenolic close to heritage. The conclusion from the 
workshop was that while alternate carbon phenolic is 
the least risky and possibly faster to manufacture in the 
near term, alternate TPS approaches, such as Woven 
TPS, might be able to be matured to meet the future 
missions needs.  NASA’s Office of Chief Technologist 
is investing in ablative Woven TPS.  While carbon 
phenolic robust, it is shown to be mission limiting as 
the use of carbon phenolic makes the missions to lean 
towards higher G’load entry trajectories.  Where as, 
the woven TPS, due to its tailorable nature, can be de-
signed not to limit but to allow entry trajectories much 
shallower. 
Note that once a TPS is selected, the ARAD or 
HEAT sensor design integration requires modification 
of the sensor.  In figure 2, the central core of the 
ARAD sensor was carbon phenolic and this is to en-
sure that the ARAD sensor is thermally compatiable 
with the ablative TPS namely carbon phenolic.  If the 
base line TPS is changed, then the ARAD or HEAT 
sensor need to be redesigned to ensure compatiablity.  
For alternate forms of carbon phenolic, we do not be-
lieve this is going to be a challenge.  Since the Woven 
TPS is in early stages of development, this has yet to 
be demonstrated if one chooses to use ARAD or 
HEAT sensor integration challenges are unknown at 
this time and it may or may not pose a challenge   
So, depending on the TPS selection and also the 
entry heating pulse,  the thermal response characteris-
tics can be different.  Next we address how different 
Saturn entry trajectories could be compared to Galileo 
and the challenges for recession (or mass loss) meas-
urement.   
Saturn Mission:  A number of mission studies 
have been carried out in the past decade and the pub-
lished results including the study performed by JPL in 
support of the Decadal Survey were analyzed for this 
paper.   The lower gravitational acceleration produces 
larger atmospheric scale heights at Saturn.  The shal-
lower gravity well of Saturn compared to Jupiter re-
sults in reduced entry speeds {1}, as low as 26 km/s 
compared to the minimum of ~47 km/s at Jupiter, and 
this yields significantly smaller entry heating rates. 
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The larger atmospheric scale heights at Saturn, on the 
other hand, results in longer time of flight and a heat-
load comparable to that of Galileo Probe entry into 
Jupiter. The Saturn Probe Trade Studies performed by 
Rita Bebe and her team [5] concluded the following:  
“Entry into Saturn’s atmosphere from hyperbolic ap-
proach to the Saturn system involves intense heating, 
but that heating is still nearly an order of magnitude 
less intense than a similar entry into Jupiter’s atmos-
phere. The aerothermal environment requires carbon 
phenolic for the heat shield’s Thermal Protection Sys-
tem (TPS), but under conditions well within the carbon 
phenolic performance envelope; it would not require 
the enhanced performance needed for the Galileo 
Probe, where entry conditions were at the upper edge 
of that envelope. Notably, at entry speeds (relative to 
the atmosphere) of 30 km/s or less, TPS and heat 
shield performance could be tested using existing facil-
ities.  The ~27 km/s entry speed of a Saturn probe falls 
within this limit, so use of the Galileo Probe’s heritage 
carbon phenolic is not required. Carbon phenolic cur-
rently being manufactured for use in solid rocket motor 
nozzles might be used instead.”  In Appendix C of the 
above reference [5], the authors provide a detailed dis-
cussion and compare Saturn Probe with Galileo probe 
design.  
Lower peak heating but longer time of flight and 
comparable heat-load necessarily means, the recession 
and char layer progression need not be in sink.  This 
means use of the ARAD sensor alone may not result in 
accurate estimate of mass loss.  So, the question is how 
can the mass loss estimate for Saturn be improved? 
MSL entry profile and the choice of PICA as the 
TPS material is relatable to Saturn entry profile with a 
high performance and moderate-to-high density abla-
tive TPS  choice (the choice to go with either non-
heritage carbon phenolic or an alternat Woven TPS 
that is more efficient and enabling is not assumed at 
this time).  In case, the ablative TPS material on the 
heatshield does not behave similar to Galileo TPS, then 
in order to accurately estimate the mass loss, we need 
the following: (1) Need to measure recession either 
directly or indirectly, (2) need to know the boundary 
between virgin and char, and (3) need to know the den-
sity variation within the pyrolysis zone and (4) need to 
know where the boundary between the pyrolysis zone 
and the char.  The MISP plug provides better infor-
mation from which we can determine the above four 
zone to a degree, depending on the number of thermo-
couples.  Thermocouples are notorious for not able to 
withstand high temeperatures as they burn out.   
Alternate approaches to measure Recession and 
Density Variation in a TPS:  A a new, innovative, 
non-intrusive ultrasonic instrumentation under devel-
opmnet for measuring recession of the ablative TPS 
during atmospheric entry is described in a companion 
paper.  Non-intrusive ultrasonic ablation and tempera-
ture distribution measurement offers the promise of 
real-time information.  Ultrasound can transform a heat 
shield itself into a sensor while observing recession 
and recession rate, internal temperature distribution, 
and in some cases heat flux.  While ultrasonic sensors 
have flown in heat shields in the past[4], modern signal 
processing and localization methods have been devel-
oped to combine the technologies of ultrasonic thick-
ness gauging and ultrasonic thermometry into a meth-
od of temperature compensated recession measure-
ment, with the side effect of temperature distribution 
measurement. 
Ultrasonic thermometry is a non-intrusive technol-
ogy that incorporates the structure being monitored as 
part of the sensor methodology.  Ultrasonic sources 
embedded into or attached to the backside of a heat 
shield can be used to measure ablation, temperature, 
and heat flux.  Thermal response times on the order of 
100 microseconds (without thermal lag) can be at-
tained [4].  Diffuse ultrasonic backscatter from a mate-
rial’s microstructure can be monitored at selected re-
gions within a material and converted to tempera-
ture[5,6].  The data from regions that do not ablate can 
be used to directly compensate for temperature and 
material property changes at the surface without mod-
eling. 
The ultrasonic thermometry application to measur-
ing recession and in-dpeth temperature as well predict-
ing density variation is currently under development by 
IMS Inc. (see the companion paper for more details). 
To illustrate what is possible, a 3-D woven carbon-
phenolic ablative TPS was tested in an arc jet and the 
ultrasonic thermometry was used to measure time-of-
flight sound propagation and by post-processting the 
signal, the recession was predicted. Figure 6. illustrates 
the current efforts obtained in a laboratory setting with 
the Woven TPS that is potentially suitable for Saturn 
missions.  
Our Recommended Approach: For the case of 
Saturn, our recommendations are to develop an inte-
garted approach to measure recession, and char layers 
using independent measurements.   
MISP plug with an integrated HEAT sensor for the 
appropriate TPS material, once it is baselined, using 
the same approach as that of MISP developement for 
PICA ) and also develop Ultrasomnic thermometry and 
integrate the two into a single package.  Ultrasonic 
thermometery is very promising to measure the reces-
sion front whereas neither ARAD nor HEAT sensor 
can measure recession directly.  Though ultrasonic 
thermometry is a promising approach, density variation 
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may not be easy to obtain  but could be interpreted 
from the HEAT sensor and also from thermocouple 
readings.  Hence, our recommendation is to construct 
an integrated instrumentation that leverages the MSL 
MISP plug design and the non-intrusive ultrasonic 
thermometry into a single package and start the tech-
nology maturation of such as system along with the 




Figure 6.a) Raw data collected from ultrasound 
on a 3-D Woven TPS from the receding surface 
and internal microstructure, (top) and b) that 
same data converted directly to thickness with-
out a model (bottom).  
 
Concluding Remarks:  Saturn probe missions is a 
high priority science objective recommended by the 
NRC PSDS 2013-2022.  One of the important scien-
tific goal is to construct the atmospheric structure, es-
pecially the thermal profile for Saturn from the rec-
ommended Probe mission.  While the methodology 
developed by Al Seiff is applicable to Saturn, by re-
visting the ARAD sensor approach, we see a number 
of challenges.  Our receommedation is for a integrated 
development of a sensor based on MSL MISP sensor 
plug combined with a non-intrusive ultrasonic ther-
mometry.  MISP approach will need to be developed 
first for the ablative TPS of choice and the integration 
of the ultrasonic thermometry can be narrowly focused 
on the direct measurement.  
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Introduction:  The BepiColombo spacecraft is the 
European Space Agency's mission to Mercury in col-
laboration with JAXA. During scientific observation, 
the performance of the on-board instruments may be 
impaired by the effects of micro-vibrations due to the 
Reaction Wheels and the driving mechanisms of the 
the Solar Array (SA) and the High Gain Antenna 
(HGA). Since most of the instruments require continu-
ous and highly-accurate nadir-pointing, requirements 
had to be imposed on the spacecraft pointing stability. 
In particular, the line-of-sight stability must be better 
than 1 arcsec over 1 sec and better than 0.1 arcsec over 
1 msec. The requirement on rotation around the line-
of-sight is more relaxed (20 arcsec over 1 second and 2 
arcsec over 1 msec). These stability pointing targets 
are required to be met 95% of the time over the 2 years 




Figure  1 BepiColombo Mercury Planetary Orbiter 
(MPO) performing science operations 
 
During science operation, the two-axes HGA (azimuth 
/ elevation) is continuously tracking the Earth with a 
speed in the range from 0 to 0.5 deg/sec; the SA is also 
rotating with a speed in the same range. Obviously, the 
spacecraft flexible modes change when the solar array 
or the antenna moves. Also, given a certain combina-
tion of array and antenna positions, resonance with the 
spacecraft structural modes is possible.  
The objective of this study was to define a process 
to verify the micro-vibration and pointing stability 
requirements via analyses and tests carried out on each 
disturbance contributor (reaction wheels, SA and 
HGA) and considering a minimum of spacecraft con-
figurations. Thus, the assessment of the pointing sta-
bility for the BepiColombo mission is especially chal-
lenging due to the combination of the following fac-
tors: presence of microvibration effects; time-changing 
flexible modes; resonance with spacecraft structural 
modes; and probabilistic stability requirements which 
only apply 95% of the time and which cannot be easily 
verified. The use of a Montecarlo approach was ex-
cluded as it would have required a different spacecraft 
FEM for each HGA/SA orientation considered. The 
process used was as follows. A Kistler table test was 
used to characterize the reaction wheels behaviour by 
computing the disturbance harmonics. For each space-
craft configuration, the stability budget at payload 
level for each wheel speed was computed via the 
spacecraft transfer functions considering the distur-
bance harmonics at wheel level. The pointing stability 
value valid for 95% of the mission time was then esti-
mated using statistical inference methods. The SA and 
HGA driving mechanisms (with dummy inertia loads) 
were put through the Kistler table test for model corre-
lation purposes. This allowed their dynamical models 
to be validated. Once validated, the driving mechanism 
model and the Finite Element Model (FEM) of each 
spacecraft configuration were used to compute the 
pointing stability budget for each appendage speed. 
Subsequently, the same statistical inference process 
used for the wheels was also used to derive the 95% 
performance for both the SA and the HGA. The paper 
describes the processes behind the computation of the 
pointing stability budget and shows the results for the 
reaction wheels and the SA. The derivation of the 
HGA budget is still on going and will be finalized dur-
ing the next months. Therefore, it will not be included 
in this paper. 
 
Methods:   
Driving Mechanisms.  The modelling of the 
mechanisms drive is performed in a 
MATLAB/Simulink® environment. The model used 
for correlation after microvibrations test is shown in 
Figure 2. The drive unit consists of an electrical part, 
including  the Voltage or Current Stepping command 
(CST2P/VST2P) linked to a two-phases electrical mo-
tor (E2P), and a mechanical part reproducing the be-
haviour of the rotor and gearhead (RAG). The torques 
produced by the drive are inputs for the state space 
representation of the dummy mass used during the test.  
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The E2P sub-system calculates the electro-dynamic 
behavior of the stepper motor by solving the following 
differential equation:  
emfapp uuiRdt
diL             Eq 1 
The current, i, in one motor coil with resistance, R, and 
inductance, L, is induced by the voltage difference 
between the applied one, uapp, computed by the CST2P 
block from the commanded speed profile and the back-
EMF voltage, uemf, proportional to the rotor rate and 
depending on its angular position. The E2P output 
torque is the result of a superposition between a pure 
electro-magnetic motor torque, depending on current 
and rotor position, and the, so-called, detent or cog-
ging torque represented as an harmonic disturbance. 
The SADM, provided by RUAG Space, is driven by a 
motor whose detent torque oscillates once every motor 
step. The RAG solves the dynamics equation of the 


















TR is the transmission ratio between rotor and gear. 
The residual torque, Tres, consists of the motor torque, 
Tmot, including detent effects, the gear reaction torque, 
TRotGear, and the viscous and Coulomb friction torques, 
TRotVis and TRotCoul, at rotor level. The torque measured 
during the test is the total reaction torque, hence, the 
sum of the residual and the gear output torques, TGear-
Rot. For testing purposes, a dummy test mass with a 0.1  
kgm2 inertia has been attached to the SADM.  The 
stepper motor has been commanded with speeds lying 
in the flight operational range but also at higher 
speeds, in order to shift the motor detent harmonic to 
the main resonance frequency of the test set-up.       
 
In fact, it has been demonstrated in the past that the 
highest amplitude of micro-vibration disturbances is 
recorded when the motor detent frequency and struc-
tural resonance frequency match.  
 
 
Figure  3: SADM test set-up 
 
For each tested speed, the total reaction torque meas-
ured at Kistler table level was compared with the reac-
tion torque obtained via the model parameterized with 
nominal motor and gear  data provided by RUAG. The 
comparison has not been done with the torque time 
signals but with the amplitude spectra, obtained from 
Fast Fourier Transform (FFT) processing. The model 
nominal parameters have been tuned in order to allow 
the matching. The motor and gear characteristics found 
after correlation have been introduced and the model 
run again for a final cross-check (Plot 3 in Figure 4). 
 
Figure  2: SADM model used for correlation 
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For a proper validation, it is important to make sure 
that the commanded speeds from test and numerical 
simulations match as well.  Therefore, a comparison 
between measured and calculated current profiles was 
performed.  
 
Table 1: Nomimal vs Adjusted Data after Correlation 
 




Detent Trq 0.03 Nm 0.0007 Nm 
Gear Stiffness 
@output  
10000 Nm/rad 13333 Nm/rad 
Gear Damp-
ing @output 
18 Nms/rad 14.4 Nms/rad 
Rotor Viscous 
Friction 
0 Nms/rad 0.02 Nms/rad 
Rotor Inertia 2.8e-5 Kgm2 4.0e-6 Kgm2 
 
Once the driving mechanism model has been validated 
via test, it has been used to carry out the micro-
vibrations analysis. Thus, the OSC1 block in Figure 2 
has been substituted by the spacecraft structural FEM. 
By giving as input to the model a linear rate sweep 
command covering the complete range of operational 
speeds, it was possible, via the S/C transfer functions, 
to compute the instruments angular displacements at 
payload level, in time domain.  
The HGA and SA angular positions define thou-
sands of possible S/C configurations. For performing 
the micro-vibration analysis,  the 7 geometrical con-
figurations (combination of SA, HGA El and Az posi-
tions) that maximize the S/C moment of inertia and the 
displacement with respect to its center of mass have 
been chosen. The angular displacements in time do-
main, (results of the numerical simulations), have been 
post-processed in order to obtain the pointing stability 
values in the time windows of 1 sec and 1 msec, as 





The pointing stability during a ∆T time window has 
been computed as follows: a sliding window of size 
∆T moves along the angular time signal i.e. each indi-
vidual time window spans from ti to the time ti+∆T, 
time ti varying from 0 to (Tmax -∆T) where Tmax is the 
duration of the plot. On each individual time window i, 
the difference, divided by 2, of the maximum and 
minimum of the signal is recorded. A statistical infer-
ence method, as described below, has been used to 
assess the worst-case RPE for the entire population of 
combinations.  
 
         
Figure  5: 1-sec RPE about the S/C X for 1 config 
 
Reaction Wheels.  A rotating wheel is an harmonic 
source that produces different kind of disturbances at 
low and high frequencies. The BepiColombo reaction 
wheel provided by Bradford has been characterized as 
follows. The wheel was clamped on a dynamometric 
table and accelerated to its maximum operating speed, 
i.e. 4000 rpm. Then during the de-spin phase, obtained 
by switching the power off, the forces produced by the 
wheel on the table have been measured. The forces 
raw measurements have been converted  into 3 forces 
and torques in wheel axes. The next step was the com-

















SA: 0°, HGA Az = 0°, HGA  El = 0° 
Figure  4: Plot1: calculated torque (nominal data), Plot2: measured torque, Plot3: calculated torque after correlation 
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putation of, so-called, waterfalls diagrams i.e. wheel 
perturbations (Fx,Fy,Fz,Tx,Ty,Tz) spectra with respect 
to the wheel rate and disturbance frequency. Each per-
turbation consists in successive FFTs computed in 
adjacent time windows covering the complete wheel 
de-spin duration. From the waterfalls diagrams, the 
harmonics ranks (r = frequency/ Ω, Ω being the wheel 
rate) and amplitudes for the 6 perturbations have been 
assessed. The extracted harmonics at wheel/table inter-
face were used to estimate the harmonics amplitude to 
be applied inside the wheel in order to find the meas-
ured effort amplitude. This was done by using the 
wheel FEM. Thus, each wheel is seen as a series of 
harmonics (ranks, r, effort amplitudes, A) which cause 
an impact, I, at instrument level.  The main low fre-
quency harmonic is H1, whose contributors are the 
static (force) and dynamic (torque) imbalance of the 
wheel. Applied at the wheel rotor node, the impacts 
due to this harmonic are expressed as: Iunb = 
AunbΩ2· KRot→Out where Aunb is amplitude of the 
static/dynamic unbalance,  Ω is in rad/sec and KRot→Out 
is the S/C transfer function from the wheel rotor node 
to the instrument node. The higher harmonics (HH) 
impacts are as follows: IHH  = AHH· KDiff→Out. AHH can 
be a force or a torque amplitude.  
 

























Rate total budget for BepiCoMPO stability
 
 
SIMBIOSYS HRIC Rotation X
SIMBIOSYS HRIC Rotation Y
RSS
 
Figure  6: RPE 1 msec, due to the 4 RWs running at 
the same speed (S/C Config: SA 0°, HGA El 0°,Az 0°) 
 
At a given wheel rate, Ω, each harmonic generates 5 
impacts, IFx, IFy, IFz, ITx, ITy on any output node Degree 
of Freedom (DoF), i.e. the three rotations at instrument 
level around the Body-Axes. Each of these impacts 
consists in a single line spectrum at frequency (r·Ω)  
and they shall be summed up in order to compute the 
impact of each single harmonic for one single wheel at 
the output node. First, the impacts due to radial efforts 
are quadratically summed: 22 FyFxFradial III  , 
22
TyTxTradial III  . In fact, both components of a 
radial axis are not at their maximum amplitude simul-
taneously but in quadrature. Then, the radial impacts 
are Root Sum Squared (RSS) with the axial im-
pact, 222 FaxialTradialFradial IIIRSS  . Summarizing, 
the  5 DoFs impacts due to each harmonic on each 
source have been summed so as to have one RSS 
value. In order to get a rate budget, all the harmonics 
on each single source have been summed up again 
with RSS method. Afterwards, the impact of the sev-
eral sources at a given wheel rate have to be added 
quadratically. The computation of the RPE from 0-
peak amplitude at the output node is performed via 
stability filter. Statistical inference method as de-
scribed in the next session has been used to assess the 
worst-case RPE for the entire population of combina-
tions.  
Statistical Inference Method   Pointing stability or, 
so-called, RPE (relative pointing error) requirements 
shall be interpreted as temporal, that is to say that the 
requirements shall be met 95% of the mission time (2 
years) considering the entire population of S/C con-
figurations and mechanisms/wheels speeds. Unfortu-
nately, a priori identification of a worst-case scenario, 
meaning worst-case combination of HGA, SA posi-
tions together with worst-case mechanisms/wheels 
speed, is not possible. Therefore, confidence intervals 
for the complete population have been computed based 
on the data extracted from the 7 analyzed cases. So, 
the analyses outputs are 7 RPE plots against each de-
vice speed (Figure 5, Figure 6) meaning one plot for 
each of the 7 configurations (Az = 0° El=0° Sa=0°, Az 
= 0° El=0° Sa=90°, Az = 0° El=81° Sa=0°, Az = 178° 
El=0° Sa=0°, Az = 270° El=0° Sa=0°, Az= 90° El=0° 
Sa=0°, Az = 90° El=81° Sa=0°) considering one dis-
turbance source at a time. For clarity’s sake, the set of 
computed data includes 7 plots of 1-sec RPE values 
against wheel speed obtained considering the action of 
4 reaction wheels, running at the same time from 0 to 
4000 rpm, and 7 plots of 1-sec RPE values against 
SADM speed obtained considering the action of 
SADM only, running from 0 to 0.5°/s.  The same is 
done for the 1-mec RPE. It must be noted that the 7 
S/C configurations have to be interpreted as worst case 
from a mechanical point of view (worst MoI and dis-
placement with respect to the CoM) but they are not 
necessarily the worst case in terms of dynamical be-
haviour (RPE). Therefore, they can be considered as 
randomly chosen among the entire population. Given a 
certain speed probability distribution, considered uni-
form for the wheels and the SADM, a number of N 
speed samples are randomly chosen among that distri-
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bution. To N values of speed correspond N values of 
RPE for each of the 7 plots. The total number of sam-
ples would than be M = N ·7. The sample mean is 




xx . The sample esti-














RPE mean, µ, and standard deviation, σ,  will then lie, 
respectively, in the intervals: [
M





99   ], where α99 is the value of the t-
distribution corresponding to a 99% C.L. Considering 
a normal distribution for the RPE, its value, valid 95% 
of the time, is then: μ+2σ, with μ and σ worst-case val-
ues.  
Results: The current section shows the 1-msec and 
1-sec pointing stability budgets due each single source 
of perturbation. The final pointing stability budget is 
computed by summing up quadratically the single con-
tributions due to each disturbance source. It should be 
noticed that the results relative to the HGA driving 
mechanism are not presented in this paper. In fact, the 
process to validate the mechanism model, based on the 
correlation with the test, is still on going.  
 







RWs 0.3175 1.0829 
SADM 0.4669 0.3483 
 







RWs 0.158 0.81 
SADM 0.0048 0.0035 
 
The payload LoS stability is obtained by computing 
the RSS of the X and Y components. Therefore, The 
final 1-sec RPE is 1.27 arcsec; the 1-msec RPE is 0.82 
arcsec. It is clear that, mainly due to the RWs, the 
pointing stability values are above the foreseen re-
quirements of 1arcsec/1-sec and 0.1arcsec/1-msec. The 
budget relative to rotation around the LoS (z-axis) is 
not reported here but is well below the requirements.  
Discussions and Implications:  The evaluation of the 
pointing stability budgets for the BepiColombo mis-
sion has been performed via definition and validation 
of processes for different kinds of source perturba-
tions. Statistical inference was used to compute point-
ing stability values valid 95% of the entire mission 
time for the entire population of S/C configurations, 
i.e. combinations of HGA elevation and azimuth to-
gether with SA positions. Unfortunately, the RPE re-
quirements defined at system level could not be broken 
down at payload level in order to allow their verifica-
tion at suppliers side because of the need for the S/C 
FEMs. Moreover, the aforementioned processes re-
quire several iterations during the different design 
phases of the S/C and payload. The computed RPE 
values are clearly above the imposed requirements. 
This is mainly due to the disturbances caused by reac-
tions wheels. For clarity’s sake, it must be noted that 
the Kistler table test measurements used so far have 
been obtained by testing an old wheel with the same 
characteristics as the BepiColombo wheel. The Kistler 
mesurements showed anomalously high radial and 
axial forces contributions maybe due to bearings dam-
ages inside the tested wheel. Therefore, the Kistler 
table test is going to be repeated with an Engineering 
Qualified Model (EQM) of the BepiColombo wheel. 
The RPE will then be computed considering randomly 
chosen wheel rate profiles. In fact, considering 4 
wheels running at the same speed at the same time is 
far too conservative. Afterwards, if the reaction wheels 
disturbance contribution is still too high, then a damp-
ing system strategy will be analyzed even if it is not 
the preferred solution.  
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Introduction: Here  we give a  summary of  some 
new ideas coming from the micro and nano technology 
which become available  for  space  technologies,  too. 
The application of the Nano-, Pico- Space Devices and 
Robots  (NPSDR)  focuses  on  those  detections  and 
measurements which can be carried  out  on planetary 
surfaces with a new strategy. This strategy is the mul-
tiple parallel use of these instruments. The great num-
ber of NPSDR devices allows the covering of larger 
surfaces on the planet measuring several focused para-
meters. Using NPSDR devices we also focus on envir-
onment friendly instruments in Space.  We selected a 
promisful application field: the defrosting phenomena 
studies of DDS at the South Polar Regions of Mars.
Nano Pico Space Devices/Robots (NPSDR):
Name, idea, purpose, structure. The name of Nano 
Pico Space Devices/Robots (NPSDR) gives the image-
word for the similarities of everyday tools: ‘The Lump 
Sugar and Salt Shaker Space Technology’. The volume 
of nano and pico sized space probes are between one 
cubic  decimeter  and  one  cubic  centimeter.  To  reach 
this economical size we must use the micro and nano 
technology available in nowadays technology.
The main purpose of this strategy is to make meas-
urable a larger area on the surface of a planet in one 
time.  The  container  space  probe  holds  and  scatters 
these  Lump-sugar  sized  objects  (devices)  like as  the 
Salt  Caster  scatters  the  salt.  The  salt  caster  space 
probe,  approaching  to  the  planetary surface,  spreads 
the measuring devices evenly and randomly on the tar-
geted field.  (Over the lump-sugar sized devices even 
additional inner parts can be salt grain or hair sized and 
shaped ones, too. Hair elements can serve as electrical 
wire or  optical  fiber  cable units measuring core  sys-
tems of extended salt grain sized detectors.)
Design  and Structure: Structure  of  the  NPSDR 
consists of outer one and inner parts. The outer one is 
the frame with cover,  the inner  one is  hardware and 
software. The outer frame with cover is a container for 
the whole device which also contains sensors, and cam-
eras. The inside structures for the hardware and soft-
ware which is a reduced set of a combined symbiotic 
chemical and mechanical structure.
Size. Size of the device is similar to a Lump Sugar 
in the inch or centimeter range and when necessary can 
contains smaller parts, see below.
 
Parts (different subsystem distinction). Three main 
parts are: 1) container, 2) measuring system or detect-
ors, 3) information transmitter. The container can hold, 
deliver e.g. put into the target things of wide spectrum 
of variability.
Deploying design. To fly and arriving to the target 
ellipsoid  shaped  scatter  field  is  the  job  of  the  main 
spacecraft of the experiment, which is mainly cheaper 
because it is not necessary to land only to deliver smal-
ler NPSDR probes.
Moving design. Some situations require NPSDR to 
move. Because of size in inch or centimeter range the 
moving  solutions  are  similar  to  world  of  insects  or 
properties of small parts of peoples e.g. screws, small 
balls.  From simple to complex there  are possibilities 
from the simple random jumping to the oriented mov-
ing.
Mechanical  design. The  mechanical  design  is  to 
substitute  and  reduce  the  software  and  hardware  re-
quirements,  e.g.  shapes  and  origami  like  one  way 
springs with chemical based reagent detectors..
Functional  content. Each  device  contains  a  de-
veloped process hardware and software with a reduced 
set of a combined symbiotic chemical and mechanical 
structure to make measuring at the selected target. Each 
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device may contain other smaller parts in the milliinch 
or millimeter range to deliver them locally.
Information transmitter. The information transmit-
ter (analog or digital data, in the simplest case yes or 
no)  signs  are  possible  from  simple  time  delay  or 
single/double  signs  or  some  special  frequencies  or 
combinations of listed types.
The power system: The power for information sys-
tem comes from two or more combination of compon-
ents which are separated during the traveling and activ-
ated only at the necessary part of the mission. Starting 
trigger may come from successful targeting, in case of 
a planet surface the landing event. It  may come from 
another start trigger indicated at the end of the measur-
ing when the measured data ready for transmission. In 
the less difficult case the measuring solves simple one 
bit information, zero or one or in other words yes or 
no. If the question is: “is there any predefined, measur-
able thing” answer could be yes or no. According to a 
measuring method the yes/no answer could be a delay 
or a different sign, e.g. different frequency according to 
simplicity..
Detection. Because  of  small  size  of  NPSDR the 
simplicity  is  important  from simple  to  complex  and 
from individual to share. An NPSDR must be individu-
ally simple, but the data receiver need to be more com-
plex, and post processing must be excellent. NPSDR is 
deployed for analyzing in situ and remote radar sensors 
are collecting the emitted data at distant orbiting space 
probe.  The  orbit  can  be  elongated  to  remain  long 
enough time above the scatter-field and to keep the or-
biting price on low cost, according to price of fuel to 
reach a round shape orbit.
Purpose: One of the main purpose of the NPSDR 
is to detect  and to measure (in space plasma coming 
from Sun,  magnetic  fields  and  cosmic rays);  several 
planetary surface characteristics, presence of chemical 
components or complex units, or to detect subsystems 
characteristic to clues of live: all these on an extended 
surface area.
Possible target:  to detect  parameters and condi-
tions of living organisms on Mars South Subpolar Re-
gion during the seasonal  defrosting:  One of our im-
portant focus by NPSDR to detect  characteristic fea-
tures  of  supposed  MSO-units  (Mars  Surface  Organ-
isms) at DDS (Dark Dune Spots). As proposed by Hor-
váth et al (2001). 
Dark Dune Spots are seasonal defrosting features at 
the polar regions of Mars. The ground material is dark 
basaltic sand. They have areal extension of some hun-
dreds of meters. DDS begin to develop at late winter – 
early summer. Spots on the slopes emits slowly flowing 
streaks which were shown to contain water. Their most 
probable component is brine. At the original explana-
tion the seasonal activity was supposed to be triggered 
by  the  MSO-s,  which  begin  their  seasonal  activity 
when  springtime  insulation  awakes  them.  Using 
NPSDR  units  special  examination  reagent  matter 
would be  recommended to  deploy on a DDS scatter 
field.  Detecting parameters  are:  Salty components  of 
the brine,  conductivity changes in the soil during the 
gradually increasing temperature of spring, gas emis-
sion during the seasonal activity.
In  the picture can be seen Seepages DDS on the 
slopes  of  Konkoly  crater  from  PhD  of  Sík  A. 
Environment  friendly: NPSDR can  be  environ-
mentally friendly because of their structure. It can con-
tain only environment friendly resources both structural 
and content materials. Natural materials like in the cos-
mic  and  terrestrial  abundances  of  elements  and  iso-
topes which are naturally and frequently fall from the 
space e.g. meteorites and comet dust. 
Summary: Above we have shown some new ideas 
coming  from  micro  and  nano  technology  available 
nowadays. We showed one possible type of Nano, Pico 
Space Devices and Robots (NPSDR) which are on cm 
range in size. We showed shortly some ideas to detect 
and to measure planetary surface and in addition we 
showed one specific instrumental use for detection of 
clues of living organisms at the dark dune spots during 
seasonal defrosting changes. At the same time we em-
phasized  to  focus  on  using  environment  friendly 
devices in Space.
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Introduction:  The Lunar Reconnaissance Orbiter 
spacecraft (LRO), launched on June 18, 2009, began 
with the goal of providing key information needed for 
the return of humans to the Moon and for future robot-
ic missions.  It was initiated as a Discovery-class mis-
sion by NASA’s Exploration Systems Mission Direc-
torate (ESMD, which later became part of NASA’s 
Human Exploration and Operations Mission Direc-
torate (HEOMD). After spacecraft commissioning, the 
ESMD phase of the mission began on September 15, 
2009 and was completed on September 15, 2010 when 
operational responsibility for LRO was transferred to 
NASA’s Science Mission Directorate (SMD). In the 
ESMD phase, LRO’s objectives included the search 
for surface resources, evaluation of potential landing 
sites, and investigation of the lunar radiation environ-
ment.   The SMD Science Mission was scheduled for 2 
years and will be completed in September of 2012.  An 
extended science mission is currently under review and 
a determination will be made by August 2012.  Under 
SMD, the mission focuses on a new set of goals related 
to understanding the geologic history of the Moon, its 
current state, and what it can tell us about the evolution 
of the Solar System.  
The measurement requirements for LRO were 
identified by an Objectives and Requirements Defini-
tion Team consisting of experts from the lunar science 
and engineering communities. The LRO instruments 
were solicited through a competitive process initiated 
by a joint Announcement of Opportunity from ESMD and 
SMD. A detailed description of each of the instruments 
was previously published in an LRO volume of Space 
Science Reviews[1].  An image of the spacecraft de-
picting locations of the instruments is shown in Figure 
1 and summary information for each instrument is 
shown in Figure 2.  The instruments include Lunar 
Orbiter Laser Altimeter (LOLA), PI, David Smith, 
NASA Goddard Space Flight Center, Greenbelt, MD, 
Lunar Reconnaissance Orbiter Camera (LROC), PI, 
Mark Robinson, Arizona State University, Tempe, 
Arizona, Lunar Exploration Neutron Detector 
(LEND), PI, Igor Mitrofanov, Institute for Space Re-
search, and Federal Space Agency, Moscow, Diviner 
Lunar Radiometer Experiment (DLRE), PI, David 
Paige, University of California, Los Angeles, Lyman-
Alpha Mapping Project (LAMP), PI, Alan Stern, 
Southwest Research Institute, Boulder, Colorado, 
Cosmic Ray Telescope for the Effects of Radiation 
(CRaTER), PI, Harlan Spence, University of New 
Hampshire, New Hampshire, and Mini Radio-
Frequency Technology Demonstration (Mini-RF), 
P.I. Ben Bussey, Applied Physics Laboratory, Mary-
land.   
 
In Figure 2 we also include Lunar Ranging (LR) 
(PI, David Smith), since it employs the LOLA instru-
ment for precision orbit deterrmination, although con-
ventionally it would be considered part of the space-
craft guidance and navigation subsystem. LRO is the 
first planetary spacecraft to use Earth-based laser 
tracking for precision orbit determination. 
LRO has a large number of instruments so that 
complementary measurements could be made to re-
duce ambiguity and to and to make as comprehensive a 
set of observations as possinle with remote sensing 
techniques.  Figure 3 illustrates the role that each in-
strument plays tocontribute to the success of the LRO 
mission, as stated by the ESMD Level 1 requirements 
and the required performance to reach minimum and 
full mission success.  
  
Figure 1 The fully assembled and thermal blanketed 
spacecraft. 
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Figure 3. LRO Level 1 Requirements and Critereia for Minimum and Full Mission Success for the ESMD Ex-
ploration Mission. 
Figure 2. The LRO suite of instruments uses multiple techniques to obtain a set of observations of the Moon and 
the lunar environment. 
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This presentation will focus on the LRO instru-
ments and lessons learned from their development and 
operation.  We will also briefly describe significant 
results from the LRO mission, which include but are 
not limited to the development of comprehensive high 
resolution maps and digital terrain models of the lunar 
surface; discoveries on the nature of hydrogen distribu-
tion, and by extension water, at the lunar poles; meas-
urement of the day and night time temperature of the 
lunar surface including temperature down below 30 K 
in permanently shadowed regions (PSRs); direct meas-
urement of Hg, H2, and CO deposits in the PSR at 
Cabeus crater, evidence for recent tectonic activity on 
the Moon, and high resolution maps of the illumination 
conditions as the poles. 
 
References: [1] Vondrak, R.R., Keller, J.W., and 
Russell, C.T., (Ed.s), 2010, Lunar Reconnaissance 
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Multi-dimensionl Life Detection.  J. Hunter Waite, Jr.1 and Mark Libardoni1, 1Southwest Research Institute, 6220 
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     Introduction:  The search for life elsewhere in the 
solar system is a topic of extreme scientific interest. 
However, as demonstrated by the Viking Landers an 
unambiguous determination from a robotic platform is 
difficult. In fact the definition of life itself is a topic of 
continued debate.3 Benner states a NASA definition-
theory of life as a “chemical system capable of Dar-
winian evolution.” For the purposes of this presenta-
tion we use this as our operational definition of life. 
 So how do we identify a chemical system 
capable of Darwinian evolution? Our present under-
standing of chemical systems associated with life 
forms are all carbon-based, but there has been consid-
erable informed speculation of life based on minerals, 
silicones, and even more exotic chemistries.1,7,3,17,19 
However, Shapiro and Schulze-Makuch (2010) suggest 
“the number of possibilities, their diversity, and our 
unfamiliarity with their mode of function would make 
the design of an inclusive test for such life difficult.” 
Therefore, as suggested by the aforementioned authors 
we adopt a middle of the road approach and “ focus the 
search for life to those forms of life based on carbon, 
but use a set of organic compounds clearly distinct 
from our own.” Furthermore, we adopt their principle 
of “sparseness”. We desire an analytic approach that 
can find the few hundred compounds of importance to 
life in the sea of millions of organic compounds that 
have been registered so far in the annals of Chemical 
Abstracts.18 The driving question is then how to iden-
tify the carbon compounds of interest. 
 
     Background: Molecular abundances provide a rich 
data set for signs of chemistry that might demarcate the 
transition between non-living and living systems.21 In 
general, simple abiotic organic systems exhibit com-
plete structural diversity, and abundance declines with 
increasing chain length within homologous series.13,19 
Sharp deviations from such a distribution might be a 
signpost of pre-biotic chemistry well on the road to 
life. As proposed by Shapiro and Schulze-Makuch, 
“the astrobiology strategy would be to search for a 
unique pattern or “carbon signature” of organic 
monomers that would not be expected to form through 
abiotic processes.” These patterns are to be identified 
with “anomalous abundances” above the level ex-
pected from abiotic chemistry. In fact as has been sug-
gested by S and S-M the identification of patterns even 
if they are not associated with life will have implica-
tions with regard to the steps involved in the early de-
velopment of life. Observations of complex organic 
reservoirs dominated by abioitic synthesis such as me-
teoritic organics (Cronin and Chang, 1993) or the up-
per atmosphere of Titan (Waite et al., 2007) have ir-
regular composition, are structurally heterogeneous 
and rich in cross-links, and are often quite insoluble in 
common solvents.6,22 (See Figure 1-0 for a Gas Chro-
matography x Gas Chromatography, GCxGC display 
of the complexity of the Murchison abiotic mixture.) 
The compounds are generally designated as tar or 
kerogen-like.  
 
Figure 1-0: Murchison Meteorite (Murchison, Austra-
lia, September 28, 1969) analyzed using flash pyrolysis 
gas chromatography x gas chromatography mass 
spectrometry  in Professor Ricjard Sacks laboratory at 
the University of Michigan. 
 
     In contrast compounds associated with life are 
highly structured and are anomalously abundant and 
sparse compared to abiotic compounds of similar mo-
lecular complexity. If we look at specific classes of 
compounds in Earth-based life definite patterns 
emerge. One such example is the odd carbon number 
dominance of alkanes found in the Oman oil sediment 
identified in Figure 1-1 using our preferred “pattern 
recognition” analytical chemistry tool). Another exam-
ple, pointed out by S and S-M is the cis versus trans 
double bond dominance found in common plant and 
animal carboxylic acids that generally have carbon 
chain links of 16-18 atoms. Again these would be 
separable using GCxGC. So we propose that carbon 
pattern recognition using GCxGC is the best way to 
identify life or emerging life in a complex organic ma-
trix and since it a general organic analytical chemistry 
tool it has the advantage that it does not require pre-
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supposition of the key monomers or polymers that 
alien-life may be based on. However to avoid ambigu-
ity in identification we propose that additional test be 
run on the organic compounds that are identified as 
part of the “pattern”. Correlation analysis is a powerful 
tool for eliminating false positives. 
 
     Isotopic fractionation: The vast majority of autot-
rophic metabolisms on Earth discriminate against the 
heavy isotopes in a mass dependent manner that is 
unique from photolytic driven fractionation and the 
equilibrium distribution of isotopes that results 
abiologically. Classical examples on Earth include 
discriminations evident during photosynthesis, nitrifi-
cation, denitrification, sulfate reduction, sulfide oxida-
tion, methane oxidation and methanogenesis.10 Thus 
stable isotopes have become one of the key measures 
to identify the presence of particular metabolic path-
ways and have been used, for example, to identify the 
presence of photosynthesis on Earth prior to fossil evi-
dence.15 Novel isotope fractionations associated with 
energy yielding reactions are thus recognized as a key 
approach for the recognition of life.5,8,12  
 
     Chirality: “The vast preponderance of biologically 
formed chiral compounds are synthesized exclusively 
as one or another enantiomer. … In chemical proc-
esses, left- and right- handed molecules are generally 
formed in equal amounts, unless chiral reagents, or 
surfaces are present to produce a bias. … For the for-
mation of regular structures when these enantiomers 
are assembled, however, it is generally more efficient 
to have the same handedness in all molecules. Thus, 
100 percent of the amino acids in terran proteins have 
the same absolute spatial relationship of the amino 
group, the acid group, and the side chain distinctive for 
the amino acids and are designated ‘L’. Likewise, all 
of the sugars in nucleic acids have the opposite spatial 
relationship and are designated ‘D’. Enantiomeric ex-
cess (also called chirality, or handedness), the pre-
dominance of one enatiomer over the other for a given 
assembly of atoms, is therefore believed to be a uni-
versal feature of chemistry characteristic of living sys-
tems.”2 Though chiral enhancement can occur through 
abiotic processes the presence of a preponderance of 
one enantiomer is an independent variable that indi-
cates the likelihood that a member of the organic pat-
tern is biological.14 
 
     Correlation analysis: Given that organic pattern 
recognition, isotopic fractionation, and chirality are all 
important indicators of biological compounds then a 
method that can recognize the organic patterns and in a 
compound specific way determine the carbon and ni-
trogen isotopic ratios and chirality of each compound 
would be the most generally applicable and conclusive 
way to identify life elsewhere in the solar system. We 
propose to separate the organics by chirality, then iden-
tify the organic patterns with Gas Chromatography x 
Gas Chromatography High-Resolution Mass Spec-
trometry, and through split-flow of the effluent deter-
mine the carbon and nitrogen isotopic ratios of the 
individual compounds present in the pattern with an 
accuracy sufficient to identify biological isotopic frac-
tionation. Furthermore, chiral predominance different 
from that of Earth-based life would settle a long-
standing debate on whether the chiralities iof Earth-
based life is the result of chance or of some inherent 
bias in natural law that favors one enatiomeric prefer-
ence (Keszythelyi, 1995). 
 
     How is this method different from previous life 
detecting experiments?: The SAM investigation 
aboard the Mars Science Laboratory represents the 
current state of the art in life detection. It uses gas 
chromatography mass spectrometry to separate and 
identify organic compounds.11 The gas chromatogra-
phy utilizes derivitization and six parallel chroma-
tographic columns with different stationary phases and 
thus different separation processes. However it lacks 
the organic pattern recognition capability of GCxGC 
illustrated in Figure 1-1. The low mass resolution 
quadrupole mass spectrometer also lacks the resolution 
to provide the exact mass of the separated compounds. 
This can be provided by high mass resolution time-of-
flight (TOF) mass spectrometry as this the only mass 
spectrometry method fast enough to provide the full 
mass range coverage required by GCxGC. Further-
more, TOF by virtue of its simultaneous mass range 
coverage also provides at least two order of magnitude 
advantage in signal to noise over the mass-scanning 
quadrupole. 
 SAM can determine stable isotopes, but only 
of bulk materials at a precision of >1%. Determination 
of isotopic ratios of bulk materials as compared to 
compound specific stable isotope determination is 
hampered by lack of organic material in the bulk sam-
ple in sparse organic environments such as Mars and 
by the dominance of abiotic organics in an organic rich 
environment like Titan. Furthermore, isotopic preci-
sions of 1 per mil are required to provide the discrimi-
nation among abiotic and biological processes based 
on our knowledge of Earth-based life forms. 
 
Thus SAM lacks the pattern recognition capability and 
the isotopic/chiral cross correlation analysis of indi-
vidual trace organic compounds that the proposed 
method provides. 
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 Other methods such as the chiral detector that 
Gilbert Levin promotes are by their very nature limited 
to one measuring only one aspect of the triple coinci-
dence method proposed herein. 
 Finally the Mars Organic Analyzer (MOA) is 
a portable microfabricated capillary electrophoresis 
instrument used to analyze a wide variety of fluoroes-
camine- labeled amine –containing biomarker com-
pounds.20 The MOA is not as sensitive as the proposed 
techniques and has the distinct disadvantage of falling 
into the class of detection techniques labeled by S and 
S-M as terracentric assays based on familiar complex 
terrestrial biomarkers such as ATP, Coenzyme-A, nu-
cleic acids, and proteins.2 The proposed approach has 
the distinct advantage of being capable of finding or-
ganic patterns in highly complex organic mixtures. For 
an example in Figure 1-2 we show the use of GCxGC 
in separating chemical warfare agents (CWAs) from a 
complex organic mixture - gasoline. 
 
Figure 1-2: Shows the ability of GCxGC to separate 
and identify CWA simulants from a copy organic mix-
ture of gasoline in the top panel. The lower panel 
shows an equivalent conventional GC run that is not 
useful in the context of pattern recognition. This work 
was performed in the GC Laboratory of Professor 
Richards Sacks at the University of Michigan in 2004 
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ON THE SCIENTIFIC RETURN OF A SEISMIC OBSERVING PACKAGE AT THE ICY MOONS.  C. C. 
Walker1, 1Atmospheric, Oceanic and Space Sciences, University of Michigan, Ann Arbor, MI 48109  
(catcolwa@umich.edu)  
 
Introduction:  Rifting in the ice shelves of Antarc-
tica has been studied using various methodologies, 
most often through the analysis of remote satellite im-
agery (e.g., [1], [2], [3], [4]) computer modeling (e.g., 
[5]), and in-situ observation of seismicity throught the 
use of GPS monitoring stations (e.g., [6]). Ice shelves, 
the freely-floating extensions of ice sheets over the 
ocean, are subject to stresses from both atmosphere 
and ocean. They are typically on the order of 1 km 
thick. The driving mechanisms behind rift propagation 
in ice are not well understood even on the Earth, and 
the problem is even more complex at the icy moons.  
In what are, ideally, spherical ice shelves, single iso-
lated fractures are rarely observed.  Though theory for 
the propagation of a single crack is relatively well-
studied, one must consider the fact that fractures in the 
icy shells exist in fields of currently-active or dormant 
rifts. Therefore, the effect of multiple fractures is sig-
nificant, and the cracks in the surfaces of the icy satel-
lites cannot be explained in simple stress formulations.  
The effect of multiple crevasses on the stress field in 
glacier ice was discussed by [7], and we ([4]) show 
that 5 closely-spaced rifts on the Amery Ice Shelf in 
Antarctica are observed to affect each other’s behavior, 
making it the most active shelf in terms of rifting that 
has been observed.   
With the lack of observations of closely-packed ac-
tive rifts, it is difficult to determine whether or not the 
Amery Ice Shelf is anomalous or is representative. Ice 
shells of the icy satellites, in particular, are a desirable 
target in the study of ice as it will shed light on both 
Earth ice shelf rifting and calving (likely an important 
factor in future ice mass los and sea level rise predic-
tions), along with planetary crustal dynamics and frac-
ture processes, thereby linking two fields of geophys-
ics in a single target body. 
The ice shell of Europa is thought to be approxi-
mately 10 km thick in some regions; while this is much 
thicker than the ice shelves of Earth, Europa’s accel-
eration due to gravity is  approximately 0.1g, in which 
case, the pressure at the bottom of the ice shell is ap-
proximately the same as it is at the bottom of ice 
shelves on the Earth.  
While satellite imagery of Antarctica has been par-
ticularly useful to study the changes in rifts and a simi-
lar observing campaign could be employed at the icy 
moons with an orbiter, here we propose the use of a 
seismometer network as an in-situ monitoring instru-
ment package.  Seismometers have been used to study 
ice fracturing on the Earth in the past ([3] [6] [8]), and 
also on planetary surfaces (e.g., the Apollo seismome-
ter experiment, and [9]).  Using seismometry to study 
planetary processes has been suggested previously by 
various parties (e.g., [10], [11]), mostly for use on the 
rocky surface of Mars.  The deployment of a seis-
mometer would significantly enhance understanding of 
what goes on in the crust of icy moons, as similar stud-
ies have shed light on such processes here on the Earth.  
Therefore, in this paper we advocate for the possibility 
of installing seismic instrumentation on future plane-
tary missions to these bodies. 
Seismometer: While a network of seismometers is 
optimal for the spatial coverage of rifts in Antarctica, 
the fact that no seismic studies have taken place on the 
icy moons would mean that even one in-situ monitor 
would improve upon our current data record.  Addi-
tionally, the deployment of a system of seismometers, 
while scientifically very intriguing, will also be a diffi-
cult task in the frame of a space mission, and so to 
begin with a single seismometer is likely optimal in 
this type of study.  A multiple-site study would be pos-
sible with a rover-style of lander at one of the moons. 
A triaxial seismometer informs on ground motion 
in the X, Y and Z directions via velocimetry measure-
ments.  Seismometers can be built to accommodate a 
wide range of frequency bands (broadband) of vibra-
tion.  Studies of energy release during iceberg calving 
(e.g., [8], [12], [13]) and seismicity associated with rift 
propagation in ice ([6]) on the Earth register within 1-3 
Hz and  1-5 Hz, respectively. To optimize the fre-
quency range at the moons, further modeling would be 
required to determine likely energy release by propaga-
tion of surface fractures. 
Seismometers are best suited to placement within a 
borehole, in order to nullify surficial and weathering 
effects. Development of borehole seismometers is al-
ready well-studied, and the instrumentation is small, in 
most cases less than 15 cm in the largest dimension. 
Driving Requirements. (1) The system must be 
placed into a borehole in the ice for stability and in 
order to nullify signals from an operating lander that 
could affect surface vibration.  (2) The seismometer (or 
network) must be space-hardened to withstand the high 
radiation environment and extreme temperatures.  (3) 
It must also operate over a wide range of frequencies 
in order to observe continuous background seismicity 
and sporadic events.  (4) The system must be able to 
communicate with the lander in order to relay data.   
Design Solutions.  (1) Assuming that a lander 
would complete some amount of sample analysis and 
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require an associated instrumentation package to in-
clude a drill, this could be used to create a borehole 
into which the seismometer would be placed.  (2) Ra-
diation and temperature testing on triaxial seismome-
ters would be conducted to achieve the appropriate 
TRL level.  (3) Additional modeling of icy satellite 
fracture propagation and supporting Earth ice observa-
tional campaigns will be used to optimize capabilities 
of the system.  (4) The seismometer instrument pack-
age will include a separate processing unit, power 
source and communication antenna in order to operate 
independently from the lander, with the exception of 
data downlink (for which the lander communications 
system and data storage would be responsible). 
Utilization in icy satellite shells and expected 
science return:  A seismometer is capable of observ-
ing motion associated with fracture propagation in the 
ice shell (ice-quakes).  Its inclusion on an icy moon 
lander would allow for continuous observation of 
seismicity in the ice shell.  Observation of the target 
body by other spacecraft through imaging and/or 
RADAR will bolster the seismic observations through 
visual confirmation of surface/subsurface structure.  
Rifting in the icy shells of the moons is an impor-
tant process in their evolution.  Both outside orbital 
dynamics and interior processes have made their sur-
faces highly fractured, a setting that also exists on the 
Earth in ice sheets and shelves, as well as in our rocky 
surface, though on an obviously smaller scale, and is 
not very well understood.  This study would contribute 
to both the study of planetary surface dynamics and 
Earth ice fracture processes.   
An analysis of the data returned from the seis-
mometer would inform on the seismicity associated 
with the motion and cracking of the ice shell.  The 
identification and magnitude of seismicity in the shell 
would help to constrain models of rift and fracturing 
there, including the stress necessary to generate the 
features we observe there and the associated energy 
release.  Additionally, such seismic observations could 
aid in resolving the question of the predictability 
and/or characterization of such events, by modifying 
stress field models using seismic energy data recorded 
by the seismic package. 
Conclusions: The inclusion of a seismic instru-
mentation package on an icy moons lander would un-
doubtedly provide the observations necessary to better 
constrain the processes that govern fracturing of their 
surfaces.  Additionally, in pairing these observations 
with remotely-sensed imaging and/or RADAR data, 
we will achieve a similar observing vantage point as 
we have at the ice sheets on Earth.  These observations 
will not only affect our understanding of icy moon 
surface dynamics, but also fracturing on Earth’s ice 
shelves. 
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Laser Raman Spectroscopy (LRS):  LRS is used 
to observe the spectrum of inelastically scattered light 
from a sample when illuminated with an excitation 
laser of wavelength 0. The wavelength shifts of the 
spectral peaks in a Raman spectrum relative to the ex-
citation wavelength ( = meas ± 0, expressed in cm
-1
) 
reveal the energies of vibrational modes of chemical 
bonds in the sample.  Laser sources in IR, VIS, UV 
spectral range and X-ray beam from a synchrotron 
source can all be used to stimulate Raman scattering. 
  
The information provided by LRS can be used to 
identify and characterize organic and inorganic molec-
ular species in solids (crystalline and amorphous), liq-
uids, and gases.  The LRS laser does not vaporize the 
materials; thus LRS measurement is non-destructive. 
The laser beam and the scattered Raman photons of a 
Vis-LRS can penetrate through optically transparent 
windows on a sample container; thus LRS measure-
ment is a non-invasive analytical technique. 
 
Comparison of in situ and remote LRS: Com-
pared with a remote LRS system, the major advantage 
of using an in situ LRS system during a planetary sur-
face exploration is its capability to obtain detailed de-
finitive characterizations of planetary materials. The 
disadvantage is that an in situ LRS will need to be 
placed near the targets. It will not be able to analyze 
the target at distances that are not reachable by a de-
ploying mechanism (e.g., a robotic arm).   
 
On the other hand, an in situ LRS has a much 
stronger Raman signal strength produced by using a 
tightly condensed excitation laser beam and by a wider 
solid angle for collecting Raman photons -- the collect-
ing efficiency of an in situ LRS with F2 sampling op-
tics is two orders of magnitude higher than that of a 
remote LRS with 4” telescope at 5-7 meter standoff 
distance. The stronger Raman signal strength enables 
an in situ LRS to detect major, minor, and especially 
trace species, in natural geo-samples (rocks and soils), 
while in a remote Raman measurement the Raman 
peaks of minor/trace species would likely be sup-
pressed by the strong peaks of major phases.   
 
An in situ laser Raman system for flight: Mars 
Microbeam Raman Spectrometer (MMRS) has been 
developed by a combined team at Washington Univer-
sity in St. Louis and at Jet Propulsion Laboratory [1, 
2]. MMRS has a high TRL and was ranked category 
one during the payload selection review for the Mars 
Science Laboratory (MSL) mission.  
 
MMRS is an in situ Raman sensor to be deployed 
by a robotic arm and to make mineral and molecular 
characterization of the planetary material. In its optical 
design, four major instrumental specifications were 
achieved in order to satisfy the scientific requirements. 
They are: (1) a narrow beam with linear scan capabil-
ity; (2) a high spectral resolution with wide spectral 
range; (3) a large depth of sampling field; (4) a suitable 
excitation laser wavelength. We discuss here the scien-
tific advantages brought by these characteristics.  
 
(1) A narrow beam with linear scan capability for 
finding minor/trace species and making molecular 
mapping: MMRS uses a narrow laser beam (tens of µm 
diameter) to interrogate a spot in a sample, and uses an 
automated linear scan to get hundreds of sampling 







Figure 1. a  comparison
 
 Detection of minor and trace phases is critical for 
understanding the geochemical and geobiochemical 
processes at planetary surfaces. This needs a narrow 
beam Raman system to interrogate the surface materi-
als. When using a broad beam Raman system, the ma-
jor, minor, and trace phases in a targeted area are all 
stimulated by laser photons. Each will contribute char-
acteristic Raman photons. Naturally, the Raman peaks 
of minor and trace species would likely be suppressed 
by the strong peaks of major phases and thus would 
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have low detection probabilities (Fig. 1, a broad beam). 
Conversely when a minor or trace phase of a sample is 
irradiated by a tightly condensed laser beam, it is the 
major contributor of Raman photons from that tiny 
sampling spot (Fig. 1, a narrow beam) and thus will 
have a high detection probability. In addition, the re-
duction in the probability of encountering minor or 
trace phases by a narrow laser beam is compensated by 
an automated linear scan capability within the MMRS 
probe.  The MMRS probe is capable of collecting Ra-
man spectra over a hundred spots on the sample’s sur-
face along a ~ 1 cm linear path. This design methodol-
ogy has been used to demonstrate the detection of a 
trace calcite phase during a set of scanning Raman 
measurements across a rock chip of EETA79001 mar-
tian meteorite [4].  Another advantage of a narrow laser 
beam is that it helps in reducing the fluorescent inter-
ference from some samples. 
 
The Raman probe of MMRS (Fig. 2) can perform 
an automated linear scan, which is the best and sim-
plest way to make a molecular map of a target during 
a planetary surface exploration. The mapping parame-
ters can all be defined in real-time during the operation, 
such as the line orientation, the number of lines, the 
number of sampling points per line, and the size of 
scanning step. The mapped area on a target can be se-
lected, using the images from other payloads on a rover 
or lander. The scanning can cross a vein, a mineral 
cluster, a filled amygdule, and other textural features. 
Information on mineral grain size and crystal orienta-
tions will be obtained [3-6]. From those molecular 
maps, we will be able to find the genetic relationship 
among different phases in a selected target [6].  
 
(2) A high spectral resolution with wide spectral 
range for the identification of broad-range species 
and obtaining mineral chemistry information: In the 
design of a spectrometer, wide spectral coverage and 
high spectral resolution are competing parameters. 
However, both are needed for LRS during planetary 
surface exploration. Because the major Raman peaks of 
scientifically interesting species at a planetary surface, 
such as general minerals, H2O/OH-bearing species, 
organics, carbon of various structures, amino acids, and 
lipids, occur in well separated spectral regions.  Thus, 
in order to maintain the capability of a planetary LRS 
system for detecting a broad range of species (especial-
ly unknowns) during a robotic exploration, a full spec-
tral range of an ordinary Raman system (4000cm
-1
) is 
required. On the other hand, mineral solid-solutions 
(e.g., all major basaltic minerals) show small Raman 
peak positional shifts associated with cation-
substitutions. This mineral chemistry information is 
essential for providing an understanding of the geo-
chemical processes involved, which in turn requires a 
LRS system to also have high spectral resolution.   
 
 The spectrometer design of MMRS provides the 
widest possible spectral range, and at the same time 
maintains adequate spectral resolution (7 cm
-1
) for the 
purpose of satisfying above scientific requirements 
(Figure 3). The information on the chemistry of major 
basaltic minerals, hydration degree of salts can be ex-
tracted, e.g.,  the Mg/(Mg+Fe) ratio in olivine [7], the 
Mg/ (Mg+Fe+Ca) ratio in pyroxene [8], the 
Fe/(Fe+Ti+Cr) ratio in Fe-oxides [9], the Mg/(Mg+Fe) 
ratio in some phyllosilicates [10], the endmember and 
intermediate K-Na-Ca feldspar [11], the endmember 
and intermediate Mg-Ca-Fe(Mn) carbonates [12], and 
the hydration degree changes of Mg-, Fe-, Ca-sulfates 
[13, 14, 15].  
 
(3) A large depth of sampling field to achieve a 
high tolerance for robotic arm deployment: The 
optical design of MMRS provides a large depth of sam-
pling field, which would enable measurements on 
rough surfaces (to certain degree) of a selected target 
when deployed by a robotic arm.  
 
Figure 2. Optical bench of MMRS probe 
Figure 3. Spectral range of MMRS spectrometer 
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 Adding an auto-focusing system for rough surface 
measurements would increase the system complexity in 
optics-electronics-mechanics resulting in an increase of 
mass and volume of a LRS system, and will also in-
crease the duration of a measurement on a single-spot 
with increasing the electric power consumption.  
  
 Through many years of instrument development, 
we have learned that LRS has an intrinsically much 
higher tolerance for out-of-focus measurements than 
instruments employing laser induced breakdown spec-
troscopy (LIBS) which require a highly focused laser 
pulse to initiate a plasma plume. In LRS, the penetra-
tion of excitation laser photons into the sample and the 
penetration of sample-generated Raman photons 
through the sample matrix play the major roles.   
 
 We selected a fixed-focus, large depth-of-field 
architecture for MMRS, that allows making many quick 
measurements on a sample with unprepared surface, 
while being willing to accept that a small percentage of 
these measurements would be non-informative because 
they were taken too far from the focal plane. This 
trade-off resulted in a small, simple but efficient LRS 
system. 
 
(4) An excitation laser wavelength suitable for the 
characterization for both mineralogy and long-lived 
biomarkers: The suitability of a laser wavelength for a 
planetary Raman system depends on (1) its efficiency 
to induce Raman scattering from materials that would 
be commonly encountered during the explorations at 
planetary surfaces and on the minor/trace species to be 
searched; (2) the probability of avoiding interferences 
from other optical signals such as laser induced fluo-
rescence; (3) the maturity of laser technology.  Recent-
ly, we measured a set of five standard minerals and 
three amino acids using five excitation laser lines, 785 
nm, 633 nm, 532 nm, 442 nm, and 325 nm on a labora-
tory Raman system, to reevaluate factors (1) and (2).  
 
We found that 785 nm excitation has a generally 
low Raman efficiency (I  1/4 rule), and quite often it 
induces strong ad broad fluorescent peaks from basaltic 
glasses in 1000-2000 cm
-1
 in many geological samples. 
These peaks will interfere with the Raman peaks of C-
species and will thus induce difficulties in the charac-
terization of C-phases that are extremely useful for 
conducting exobiology investigations at planetary sur-
faces. We also found that although 325 nm excitation 
can sometimes avoid the fluorescent interference from 
bio-contaminated terrestrial clay minerals, the Raman 
efficiency of UV lasers for general mineralogy is 1-2 
magnitudes lower than those irradiated by lasers in 
visible wavelength range. The advantage of I  1/4 
for UV-Raman is diminished by the poor performance 
of optical components in UV range and by the shallow 
penetration depth of UV-photons into geological sam-
ples.  
 
Among the laser wavelengths in visible range (670-
440 nm), green excitation (514 nm, 532 nm) not only 
performs the best in Raman investigations of general 
mineralogy, it also stimulates the resonance Raman 
from biomarkers.  For example, green excitation pro-
vides 10
3-4 
times stronger spectral signatures from li-
pids (which have the longest preservation record 
throughout geologic history) than when acquired using 
a longer non-resonant excitation wavelength (633nm). 
  
Comparing the technological maturity for miniatur-
ized lasers used today, 532 nm frequency-doubled sol-
id-state lasers are among the most robust available.  
This is the type of excitation laser unit that we selected 
for MMRS. Development effort to increase the TRL of 
the MMRS laser source is on-going. 
   
2012 Field test of MMRS in Atacama Desert: 
The advanced Brassboard of MMRS was brought to 
Atacama Desert, Chile in May 2012, to join a field 
campaign on subsurface mineral environment and life. 
The elevation of field sites varied from sea level to 
13900 feet, with temperature variations ranging from  -
2°C to 38 °C, relative humidity variations from 3.5% to 
83%.  Among 9 days of field investigations, MMRS 
was deployed in 7 days, and over 200 spectra in the 
field were acquired. Igneous and sedimentary minerals 
were identified. Fig. 4a shows MMRS deployment at 
Lake Lajia site in Atacama Desert, Fig. 4b shows a 
sample of the raw spectra obtained.  
 
Figure 3a. MMRS 
at Laguna  Lajia
(13900 ft)
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Figure 3b. MMRS spectra 
from  Salar de Bajonales
 
 
Planetary Applications of in situ LRS: MMRS is 
ready for planetary surface exploration to many plane-
tary bodies of our Solar System. The potential missions 
are Lunar surface and subsurface rover exploration 
(including permanently shadowed crater in lunar polar 
region); Mars surface and subsurface rover exploration 
(including Polar Region) and Mars sample return; Ve-
nus surface and subsurface material characterization 
(within the landing vessel through an optical window); 
surface materials characterization during a landing mis-
sion to outer planets, asteroids, and comets; as well as 
for the process control during the In Situ Resources 
Utilization (ISRU) on the Moon.    
 
Conclusion: in situ LRS provides molecular infor-
mation of major, minor, trace phases in geological tar-
gets and can be used to reveal their genetic relation-
ship. It is capable of detecting organic species, distin-
guishing a variety of carbonaceous materials, and rec-
ognizing biomarkers. It is non-destructive and non-
invasive. We believe that in situ LRS, especially 
MMRS, is an ideal tool for exploring the surfaces of the 
planetary bodies of our Solar System.    
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Introduction:  Stable isotope ratios in C, H, N, O 
and S are powerful indicators of a wide variety of pla-
netary geophysical processes that can identify origin, 
transport, temperature history, radiation exposure, at-
mospheric escape, environmental habitability and biol-
ogy [1]. 
For the Allan Hills 84001 meteorite, for example, 
the 13C/12C ratio identifies it as a Mars (SNC) mete-
orite; the 40K/40Ar ratio tells us the last time the rock 
cooled to solid, namely 4 Gya; isotope ratios in 3He, 
21Ne and 38Ar show it was in space (cosmic ray expo-
sure) for 10-20 million years; 14C dating that it sat in 
Antarctica for 13,000 years before discovery; and 
clumped isotope analysis of 18O13C16O in its carbonate 
that it was formed at 18±4 oC in a near-surface aqueous 
environment [2]. 
Solar System Formation:  The conditions of the 
Big Bang synthesized only the first three elements H, 
D, 3He and 7Li [3]. Three minutes later nucleosynthesis 
in stars and supernovae [4] produced other elements in 
various isotopic forms that returned heavy-element 
enriched elements to interstellar matter for new star 
formation [5]. During the formation of our solar system 
4.5 Gya, collapsing dust and gas first coalesced into a 
spinning, heating protosun as nuclear reactions fired up 
the Sun. As the nebula cooled, volatiles condensed out 
far from the Sun to form outer planets, while closer in, 
refractory solid material condensation formed the terre-
strial planets. Eventually, a period of strong solar wind 
cleared out the remaining gas from the disk. 
The Nice Model [6] has detailed the complex dy-
namics that led to our current planetary configuration. 
Initially the four giant planets were in compact circular 
orbits surrounded by a huge disk of planetesimals out 
to nearly 40 AU.  Jupiter first migrated inward to 1.5 
AU, truncating inner planetesimal disk, and then out-
ward with Saturn’s pull while the inner planets formed.  
Jupiter and Saturn’s migration into mutual orbital re-
sonances shifted Neptune and Uranus into elliptical 
orbits to completely destabilized the solar system into a 
chaotic period of sweeping up planetesimals and scat-
tering comet and asteroids into a one hundred million 
period of the Late Heavy Bombardment (LHB)[7]. 
Objects that did not accrete to form large enough bo-
dies to differentiate are believed to retain the chemical 
composition of the original condensed solar nebula. 
Thus the oldest meteorites, asteroids and comets must 
hold clues about the early phases of solar system evolu-
tion, and their isotopic ratios (e.g. D/H, 18O/16O) may 
reveal their role in bringing volatiles to the Earth dur-
ing the LHB. In less than 100 Myears, the LHB is es-
timated [5] to have delivered about 200 tons/m2 (!) of 
extraterrestrial  material, with ~3,000 impact structures 
>100 km in size and ~10 structures  larger than the 
1,300 km-Imbrium basin on the Moon. 
Isotopic ratios offer the key to unraveling the com-
plex dynamics and chemistry associated with the for-
mation and evolution of planetary bodies (planets, sa-
tellites and primitive bodies) including differentiation 
by retaining a fingerprint record of temperature, radia-
tion environment and sun-distance location through 
equilibrium, disequilibrium, and temperature-
dependent chemical processes.  In the overly-simplified 
world of equilibrium temperatures, we begin by identi-
fying condensation temperatures of various elements 
and gases (Fig. 1) in reference to the “snow line” where 
water vapor freezes to ice. Transport across this snow 
line changes isotopic composition of some species (e.g. 
D/H in water) but not in others (e.g. in H2, N2 gas, or in 
N when ammonia ice sublimes), and this has been used 
[8] to first reason where Earth’s water came from. 
 
Noble Gas Abundances and Isotopic Ratios: 
Noble gas abundances are a powerful discriminators of 
atmospheric and planetary volatile evolutionary models 
[9]. Although it is believed that noble gases in our Sun 
are the same as those present in the solar nebula from 
which terrestrial planets (and meteorites) were formed, 
presolar material (grains) were discovered to have sur-
vived in primitive meteorites (e.g. Murchison Mete-
orite) that showed very different (orders of magnitude) 
Xe, Ne, C, N and O isotope ratios [10].  Equally inter-
esting are Earth observations that our atmosphere has a 
 
Fig. 1. Freezing points away from the Sun, modified 
from http://www.lasp.colorado.edu  
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ten-fold noble gas excess (Fig. 2) that cannot originate 
from the strongly degassed mantle, but is believed de-
livered with other volatiles and organic carbon by im-
pacts from icy planetesimals that trapped noble gases at 
low temperatures [7]. 
 
On Earth, Xenon’s nine isotopes are strongly mass-
fractionated (4% per amu), and although 129Xe is huge-
ly depleted compared to chondrites (implying that most 
of the Xe escaped), there remains 7% too much 129Xe, 
an anomaly [11] in discord with our fundamental un-
derstanding of solar system formation as evidenced 
from Jupiter observations (Fig. 3). 
 
 
Stable Isotope Ratios: For stable isotope ratios in 
3-isotope systems, departures from mass-dependent 
(MD) fractionation have detailed a variety of processes 
from ozone hole photochemistry (O) to the emergence 
of life (S) and planetary migrations (O).  Unfortunate-
ly, neither carbon nor nitrogen have a third stable iso-
tope and cannot be used to study mass-dependent nor 
mass-independent (MI) processes. 
The D/H Ratio.  The D/H ratio exhibits a wide 
range of enrichments and depletions compared with 
isotopic (SMOW) standards for two reasons: first, add-
ing a neutron to a light element has a larger effect than 
doing so to heavier elements like C, N, O, S; second, 
water undergoes large fractionations during freezing or 
sublimation due to the large differences in ground state 
vibrational energy between HDO and H2O. 
On Earth, and in partnership with delta-18O mea-
surements, the D/H ratio has been used to successfully 
record rainfall maps, detail cirrus cloud formation [13], 
identify water salinity, and record the long-term cli-
mate record [14]. For our solar system, D/H is a po-
werful tool for identifying origin, migration and evolu-
tion. 
 
The Martian atmosphere is strongly enriched in 
D/H due to atmospheric escape processes initiated 
when Mars lost its magnetic field. However, it is ex-
pected that the mantle and crust will show increasingly 
lower D/H values in hydrated minerals formed at earli-
er times.  The Mars Science Laboratory SAM experi-
ment will trace the history of Mars evolution through 
the sedimentary record of Gale Crater.  
Until the very recent and striking observation of 
Hartley-2 by Hartog et al. [15] from the Herschel 
Space Observatory, the theory that comets delivered 
water to Earth was questionable since Oort cloud com-
ets had D/H values three times that of terrestrial 
SMOW. With the right D/H ratio, Jupiter-family com-
ets look more likely delivery agents (see Fig. 4). 
Carbon 13C/12C isotope ratio. Biological processes 
are well known to prefer the use of 12C (evaporation, 
diffusion through leaf stomata, enzyme reactions) and 
produce depletions in delta-13C that are typically 2.7% 
for C3 plants that use Calvin-Benson photosynthesis 
pathway, and 1.3% for C4 plants using the Hatch-Slack 
pathway [17].  This fractionation has been used in cli-
mate change studies to identify sources and sinks of the 
increasing atmospheric carbon dioxide since its’ delta-
13C values distinguish oceanic and biospheric sources. 
With the discovery of methane on Mars [18], expe-
riments are planned [19] by MSL’s SAM-TLS instru-
ment to measure the delta-13C in methane to determine 
if sub-surface bacteria (e.g. methanogens) that on Earth 
produce large depletions in delta-13C (to 12%) might 
 
Fig 3.Measurements made in Jupiter’s atmosphere 
by the Galileo Probe mass spectrometer [12].  X-
axis is mass in AMU. 
 
Fig. 2. Terrestrial noble gas excess reproduced from 
[7]. Note that atmospheric H2O and N are not high, so 
the noble gas excess cannot originate from the man-
 
Fig. 4. The D/H for a variety of solar system bodies. 
Figure modified from Hartog [15] and Robert [16]. 
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be the source. Lower depletions would indicate non-
biological (rock chemistry) production (see Fig. 5).  
 
Oxygen 18O/17O/16O isotope ratios.  Oxygen is 
highly reactive and produces numerous compounds. 
Due to isotopic exchange between oxygen-containg 
rocks (e.g. carbonates) and water (e.g. the terrestrial 
hydrosphere), the triple isotope system in oxygen com-
pounds is an extremely  important identifier of altera-
tion processes (fluid-rock interactions, hydrothermal 
alteration) and is used to classify solar system material 
including meteorites [1]. In general, the delta-18O value 
is a good proxy for mineral type,  and can detail gem-
stone origin and trade routes. 
In the triple isotope plot (Fig. 6) of delta-17O vs. 
delta-18O [22], lunar samples fall on the mass-
dependent (slope = 0.5) terrestrial fractionation line, 
and this observation was used as evidence that the 
Moon formed during the final stages of Earth’s accre-
tion 4.5 Gya when Earth collided with another large 
body (Theia) originating from the same region of the 
solar nebula [23]. While some meteoritic classes join 
Earth, Moon and Mars in slopes of 0.5 (although with 
different offsets and therefore reservoirs), at the big 
picture of Fig. 6, most solar system bodies (solar oxy-
gen, chondrules, molecular clouds and asteroidal wa-
ter) lie on the unity mass-independent slope. 
The enrichment in 16O of the Sun measured by Ge-
nesis and of calcium-aluminum inclusions (CAI) can-
not be reconciled with conventional MD fractionation, 
and a variety of explanations have been put forward 
(e.g supernova injection, CO self-shielding, fractiona-
tion in the protoplanetary disk, and even heterogenous 
chemistry on interstellar dust) [see the review of Do-
minguez, 2010 [22]. 
Clumped isotopes in C and O. As a further con-
straint on the environment of alteration processes, John 
Eiler’s group developed a method of clumped isotope 
analysis of 18O13C16O in carbonates to identify tem-
perature of formation, used to suggest that carbonates 
in Allan Hills 84001 were formed at 18±4 oC in a near-
surface aqueous environment [2]. Although clumped or 
multiply-substituted isotopes are in very low abun-
dances, new techniques like cavity ring-down may help 
open up this emerging field for planetary exploration. 
Sulfur 34S/33S/32S isotope ratios. In triple isotope plots, 
the “∆” value is used to quantify the difference (offset) 
of a delta-value from the mass-dependent slope, which 
for delta-33S vs. delta-34S would be a slope of 0.5.  Iso-
tope ratios in S are very powerful for identifying 
sources and sinks for atmospheric sulfur, and especial-
ly photochemical processes (e.g Earth and Venus sulfur 
cycles), and on Earth played a pivotal role in recording 
the emergence of life some 2.2 Gya:  In the absence of 
O2, stratospheric UV photolysis of SO2 rained out sur-
face sulfates with a large range of ∆33S values, but once 
cyanobacteria became the main source of surface sul-
fates, the observed spread was very narrow [24]. 
Nitrogen 15N/14N isotope ratio. Planetary atmos-
pheric escape processes depend principally on mass 
differences, and like 13C/12C, D/H and 18O/16O, the ni-
trogen 15N/14N ratio shows enrichment in the atmos-
phere of Mars.  Nitrogen is also very important as a 
potential biomarker, and as a discriminator in the very 
different physics of fractionation of molecular nitrogen 
N2 and ammonia NH3, the latter being a significant 
component of the ice giants.  Unlike water, the subli-
mation of ammonia ice into vapor and N2 gas results in 
little or no isotope exchange in nitrogen [8]. Thus, in 
conjunction with D/H in water, the 15N/14N ratio is a 
powerful discriminator of transport across the “snow” 
lines of water and ammonia [8].  
 
Requirements for Measurement of Planetary 
Isotope Ratios: The table below provides a guide to 
the requirements for measuring isotope ratios based on 
sensitivities identified for planetary science objectives.  
 
Fig. 6. Reproduction of Fig. 2 in Dominguez (2010), 
reference [22], summarizing oxygen isotope data. 
 
Fig. 5. The ratio of methane to higher hydrocarbons 
with respect to delta-13C values, adapted from [20]. 
Isotopic and hydrocarbon ratios are not conclusive 
biogenic indicators in hypersaline environments [21] 
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Measurement Requirement 
Elemental ratios to solar 2-5% 
Noble gas isotope ratios 3% 
D/H 1-20% 
δ13C 0.1-2 ‰ 
δ13C biological 5-10 ‰ 
δ18O, δ17O 0.2-2 ‰ 
δ15N 0.2-2 ‰ 
δ34S, δ33S 0.2-1 ‰ 
Mass Spectrometry:  Mass spectrometry has to 
date provided a truly enormous wealth of information 
about our solar system [25], measuring the composition 
of numerous planets and satellites (e.g. Mars, Jupiter, 
Titan, Moon, Enceladus, Venus, comets, asteroids) 
usually for the first time, detailing a wide variety of 
geophysical and geochemical processes, and with its 
additional study of meteorites and primitive bodies, is 
the backbone of measurements behind our fundamental 
understanding of the solar system and its evolution.  
Mass spectrometers are unique in their survey ca-
pability and ability to measure the very important noble 
gases and their isotope ratios that are not accessible by 
optical means.   For stable isotope measurements in C, 
H, N, O and S, IRMS mass spectrometers are the rec-
ognized standards on Earth, where sub-per-mil preci-
sion is readily achieved with large, complex laboratory 
setups.  However, for planetary missions where only a 
few tens of kg are available, this high performance 
cannot be readily achieved.  In particular, mass interfe-
rences make measuring isotope ratios in water, ammo-
nia and methane very difficult if these species are in 
similar abundances, as we saw from the Enceladus 
plume results [26] from Cassini. 
Planetary mass spectrometers flown have included 
GCMS magnetic sectors (Viking, Rosetta Ptolemy), 
magnetic sectors (Phoenix), time-of-flight reflectron 
(Rosetta ROSINA) or secondary-ion (Rosetta 
COSIMA) mass spectrometers, and  linear quadrupole 
mass spectrometers (Galileo, Huygens, MSL-SAM).  
Orbitrap mass spectrometers are under development by 
many groups. 
The linear quadrupole mass spectrometer (QMS) 
developed by NASA GSFC for Galileo, Cassini Orbi-
ter, Cassini Huygens Probe, MSL, Maven, and LADEE 
missions is able to determine repeatable isotope ratios 
to better than 1% precision. Examination of the signal 
levels at 134, 135, 136, and 137 Da in Fig. 7 illustrates 
that with a precisely fabricated and aligned set of 
hyperbolic rods and ion focusing optics a crosstalk of 
less than 10-5 is achieved between adjacent mass chan-
nels. The wide dynamic range of the SAM QMS is 
combined with its gas enrichment, separation tech-
niques and static mass spectrometry to enable mea-
surement of minor 124Xe and 126Xe atmospheric iso-
topes. 
 
Additional recent advances in mass spectrometry 
for a future Mars rover [27] allow ions from either a 
GCMS electron impact source or ions directly laser 
desorbed from a solid sample (LDMS) at the Mars 
pressure of 5-7 torr to be introduced into opposite ends 
of a linear ion trap. In the LDMS mode a fast aperture 
valve developed at GSFC is opened just before the 
laser fires one or multiple shots and then immediately 
closed. Ions pulled into the linear trap by the gas flow 
are trapped with a low amplitude RF field as the mass 
spectrometer chamber is pumped until the pressure is 
sufficiently low to turn on the detectors and initiate a 
mass scan. Better than unit mass resolution up to 
~1000 Da has been demonstrated with a miniature li-
near trap (3 mm radius, 3 cm long). The ion trap has 
the additional advantage of tandem mass spectrometry 
to more definitively identify complex organic species. 
IR Tunable Laser Spectroscopy: For light mole-
cules at pressures below ~100 mbar, IR tunable laser 
spectroscopy offers a direct, non-invasive, unambi-
guous method for measuring stable isotope ratios to 
sensitivities of ~1 ‰ for planetary low-mass (<5 kg), 
all-solid-state instruments.  Tunable laser spectrome-
ters are particularly well suited to H2O, NO, NO2, 
HNO3, O3, CO, CO2, NH3, SO2, HCl, N2O and CH4. 
The secret to success for this method lies in the 
spectroscopy of the IR region (1-30 µm), in which most 
simple molecules have several vibrational bands (3N-6 
for non-linear, 3N-5 for linear molecules) containing 
about one hundred rotational absorption lines from 
which key lines can be chosen that are well separated 
from each other and from other interfering gases. High 
symmetry in simple molecules like tetrahedral CH4 can 
produce degeneracies and a complex ro-vibrational line 
system, but linewidths for most molecules are typically 
<0.02 cm-1. With a laser linewidth one twentieth of the 
 
Fig. 7. The nine xenon isotopes recorded by the flight 
QMS instrument in SAM-MSL [Mahaffy] showing the 
excellent SNR and mass resolution. 
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molecular linewidth, high sensitivity is achieved since 
there is no significant “instrument function” to broaden 
measured lines and thereby reduce absorption depths. 
Isotopic shifts between vibrational bands depend to 
a first order on reduced mass differences; for HDO and 
H2O this is large, while for 13C this is more typically 
about 11 cm-1 (but varies). In methane at 3.3 µm, we 
are fortunate that the 11-cm-1 shift does not dump the 
13CH4 line group ontop of the adjacent 12CH4 group but 
just to the side (see Fig. 8 and reference [19]). 
Unlike mass spectrometers, laser spectrometers are 
usually not stuck with the mass ratio dynamic range, 
but can often be tuned to regions where both parent and 
minor isotope (e.g. 12CO2 and 13CO2 and/or 18OCO) 
have absorption lines of similar intensity (see Fig. 8 
middle panel). This helps with the precision of the ratio 
measurement. Because CO2 and H2O have numerous 
overlapping bands, this is readily done, but note that 
this luxury is not afforded to the isolated CH4 band at 
3.3 µm, and we are stuck with 13CH4 lines that are typi-
cally ~90 times weaker than those of 12CH4. 
The Mars Science Laboratory (MSL) Curiosity 
Rover will begin on-surface measurements in Fall 
2012, and isotope ratio measurements will be made by 
the Sample Analysis at Mars (SAM) suite’s [28] qua-
drupole mass spectrometer (QMS) and the tunable la-
ser spectrometer (TLS).  Measurements will be made 
of the Martian atmosphere and also of gases evolved 
from pyrolysis, or generated during combustion, of 








Noble gas isotope ratios 3% QMS 
D/H in water 1% TLS, QMS 
δ13C in CO2 2 ‰ TLS, QMS 
δ13C in methane 10 ‰ TLS 
δ18O, δ17O in CO2 and H2O 2-5 ‰ TLS 
δ15N 20 ‰ QMS 
δ34S, δ33S in SO2 20 ‰ QMS 
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Fig. 8.  Spectral scan regions that will be used by 
MSL-SAM’s TLS instrument for measuring  isotope 
ratios in H, C, O. For the methane scan, the vertical 
axis for 13CH4 and CH3D is multiplied by 100, 500. 
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Introduction: Low concentrations of methane (CH4) 
from multiple caves in Kentucky and Indiana were 
detected and verified using a suite of field instruments. 
Caves, generally, are quasi-CH4-free environments, so 
they are special terrestrial environments where the CH4 
concentration is similar to that of the Martian atmos-
phere. Local concentrations of CH4 in the Martian at-
mosphere may be as high as 0.030 – 0.045 parts per 
million (ppm) [1][2]. Even though reports of Martian 
methane have been challenged [3], an accurate ground-
based detection of methane in the Martian atmosphere 
would help in assessing the possibility for life to exist 
on the “Red Planet”.  
Caves are suitable environments to test potential 
Martian instrumentation. The tight spaces and low CH4 
concentrations make caves an ideal testing ground for 
rover designed versions of instruments. Finding CH4 
on Mars will require the deployment of field instru-
ments with an error of 0.01 ppm or less.  
Methods: Two portable Fourier Transform Infra-
red spectrometer (FTIR) systems, a Boreal open-path 
laser and a Gasmet DX4030, as well as a WEST Sys-
tems CH4-CO2 fluxmeter, with CH4-laser sensor 
(Inspectra Gazomat) were deployed in three caves in 
Kentucky (Lost River Cave, Diamond Caverns, and 
Mammoth Cave) and one cave in Indiana (Buckner 
Cave) to search for methane. 
The open-path laser system (OPLS) monitored the 
methane present in Diamond Caverns, Mammoth 
Cave, and in Buckner Cave. Laser transects ranged 
from 29.9 – 37.0 m in length and lasted for 45 min – 1 
hour in duration. The laser was set to produce a data 
point every 59 seconds and all the of the data points 
produced a mean concentration in the path length over 
the time interval. The OPLS only measured the me-
thane concentration in one part of the cave system. 








   




 is mean confidence in measurement of me-
thane in the laser-path length, [CH4] is the mean con-
centration of methane in the path length over the time 
interval, [CH4]i is the mean concentration of methane 
in between adjustments of the laser, n is the total num-
ber of readjustments in the measurement, and L is the 
measured path length in meters (m). The detection 
limit for the open-path laser is one part per million 
multiplied by meters (ppm ∙ m) divided by L. 
The WEST Systems instrument uses a tuneable la-
ser diode and was deployed in Lost River Cave, Dia-
mond Caverns and Mammoth Cave. The system has an 
error of 0.1 ppm and a detection limit of 0.1 ppm. Cave 
atmosphere was continuously analyzed throughout the 
visited paths and rooms of the cave. 
The Gasmet was only used in one area of Mam-
moth cave and produced a data point every 10 seconds 
of methane monitoring. The Gasmet has a detection 
limit of 0.1 ppm. 
Results: The open-path laser detected CH4 concen-
trations of: 0.2 + 0.2 ppm in Diamond Caverns, 0.08 +  
0.06 ppm in Mammoth Cave, and 0.3 + 0.3 ppm in 
Buckners Cave (Fig. 1) (Table 1). 
The WEST Systems instrument measured decreas-
ing CH4 concentration away from the entrance of Lost 
River Cave, Diamond Caverns, and Mammoth Cave. 
Starting from external atmospheric concentrations of 
1.9-2.1 ppm, methane concentrations rapidly decreased 
down to levels below 1.0 ppm inside the caves. In the 
deepest and least ventilated rooms of both Diamond 
Caverns and Mammoth Cave, the methane concentra-
tion was below the detection limit of the WEST Sys-
tems. These data corroborated the OPLS measurements 
where they were used in the same places. At the loca-
tion of the OPLS measurement in Diamond Caverns 
the WEST Systems measured 0.4 + 0.1 ppm and at the 
location and at the locality of the OPLS measurement 
in Mammoth Cave the concentration of CH4 was be-
low detection (Table 1). 
In the area of Mammoth Cave where both the 
WEST Systems instrument and the Gasmet were taken, 
the two instruments measured different methane con-
centrations. The WEST Systems measured 0.5 + 0.1 
ppm CH4, whereas the Gasmet could not detect me-
thane. 
Discussion: The low amount of error, 0.06 ppm, in 
the measurement of methane in Mammoth Cave sug-
gests that an OPLS may be a suitable method for 
measuring CH4 on Mars. Most of the error in the 
measurements made by the OPLS was due to the la-
ser’s internal uncertainty. This was generally a result 
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of the low number of methane molecules in the laser’s 
pathlength. Boreal suggests that having 10 ppm ∙ m 
CH4 in the path length should help reduce the laser’s 
internal error [4]. Martian atmospheric pressure varies 
from 0.01 – 0.1 bar [5][6], so at a concentration of 0.03 
ppm, a path length of 3.3 - 33 km or greater on the 
Martian surface would help reduce the laser’s internal 
error. Assuming 0.03 ppm CH4 in the Martian atmos-
phere and a pathlength of 3.3 - 33 km, the error in an 
OPLS may be as low as 0.002 - 0.005 ppm using the 
error associated with the Mammoth Cave measurement 
and following equation 1. It is possible that the path 
length on Mars may be longer or shorter than the cal-
culated 3.3 - 33 km depending on how low pressure 
systems effect FTIR analysis.  
The WEST Systems instrument had an error of 0.1 
ppm and while this was better than the error of the 
OPLS for two caves, the OPLS had a smaller error in 
one instance. The WEST Systems and Gasmet instru-
ments, due to the fact that they did not need a path 
length of 30 m or longer, were able to be transported 
into more sinuous areas of the caves. The discrepancy 
between the Gasmet and WEST Systems could have 
been due to the humidity in the cave because the 
Gasmet prefers dry air to make an accurate measure-
ment. We observed similar readings between the 
Gasmet and West Systems at other sites but are not 
reporting these data here 
Conclusion: An OPLS could be an efficient way to 
measure CH4 on Mars due to the potential for error less 
than 0.01 ppm and very low detection limits. If a laser, 
adjusted for the effects of low pressure, was mounted 
on a landed platform and multiple reflectors were de-
ployed by a rover, then repeat measurements of me-
thane concentrations could be made across landscape 
features of hundreds of meters to a few kilometers. 
If a rover is equipped with an onboard CH4 meas-
urement system, such as the two channel Harriot-cell 
tunable laser spectrometer onboard Curiosity or an 
onboard cavity ring down spectrometer with detection 
limits and error suitable for Mars, it will be able to 
measure CH4 continuously over its traverse. An ad-
vantage of a cavity ring-down spectrometer is that it 
can measure isotopic ratios of carbon at the same time 
as making concentration measurements. If the rover 
became stuck, a one piece onboard CH4 measurement 
system has the advantage of still being able to obtain 
data. 
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Fig 1. The data taken with the OPLS in Mammoth 
Cave. Blue represents methane concentration, red rep-
resents the infrared light at the detector, and the black 
bars are the errors of the methane concentrations. 
 
Table 1. A comparison of methane concentrations at 
several different localities within the caves as meas-
ured with the different instruments. LRC = Lost River 
Cave, DC = Diamond Caverns, MC = Mammoth Cave, 
BC = Buckner Cave, Bckgrnd = Background. Back-
ground measurements of air near caves were taken tens 
of meters from the entrance. The data point in Buckner 
Cave was measured 310 m from the entrance. 
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Introduction:  We are entering the age of sample re-
turn missions which will explore the origin, history, 
current status and resource potential of solar system 
objects; including asteroids, comets, Mars and the 
Moon.  There are a large number of proposed sample 
collecting devices in development or under study, 
ranging from simple scoops and shovels to much more 
complex coring drills. Each of these devices has spe-
cific applications where the device in question will 
provide an adequate solution to the sampling problem 
at hand. In low gravity, however, these methods re-
quire a grappling mechanism to remain on the sur-
face.  A core-sampling harpoon allows grappling and 
sample return in a single compact and less massive 




     Figure 1. 
 
Sample return missions have the ability to 
vastly increase our scientific understanding of the ori-
gin, history, current status and resource potential of 
solar system objects. Previous reconnaissance missions 
have returned a wealth of data on these bodies from 
which we can make detailed speculations concerning 
their environment, recent history and possible origin. 
However, to make further progress in understanding 
such bodies and their relationship to one another 
throughout the history of the solar system requires 
detailed analyses of samples from as many bodies as 
possible.  
Our alternative sample acquisition system 
will be used where current technology is overly com-
plex, too expensive, or just not available. We have 
developed a system capable of obtaining samples from 
specific interesting regions, such as the deep vents of 
an active comet or from the surfaces under a balloon-
borne explorer on Titan or Mars, where scoops and 
drills are impractical. A harpoon-based sample acqui-
sition system provides a means to rapidly collect sam-
ples at distances defined by the length of the tether.  
Such systems do not require landing on the surface to 
be sampled or a means to hold the Lander to the sur-
face. This is particularly advantageous when very 
large solar arrays prohibit a space craft from ap-
proaching a tumbling body too closely. The time re-
quired to collect a sample using RASARS could range 
from seconds to minutes, and is therefore compatible 
with a slowly moving science platform. 
 
Current Progress:  We have developed a 3rd genera-
tion harpoon based sample aquisition system that can 
rapidly collect samples from targets of varying densi-
ties. The prototype is made up of an outer harpoon 
sheath and an inner sample cartridge.  The sheath 
protects the sample cartridge from the forces imparted 
during launch and impact.  It also contains the tip 
geometry that allows optimized penetration and flukes 
(not shown) that help control its penetration.  The 
sample cartridge contains the mechanisms that allow 
sample capture, coupling/decoupling from the sheath, 
and sensors that will detect temperature and accelera-
tion among other data.  After the harpoon fires, pene-
trates, and captures a sample, the sample cartridge 
will be retrieved, leaving the outer sheath behind.  
This has several benefits that include the ability to 
create a tunnel that is larger than the sample car-
tridge, which allows sample collection with less like-
lihood of jamming; It also allows us to leave behind 
sensors in the target which can be used in many inter-
esting ways. 
In order to study different projectile designs 
and correlate the amount of energy required to pene-
trate different materials to specific depths, a test bed 
was designed and built to collect this data. Concep-
tually, the actual mission will use a cannon to fire the 
sample collecting harpoons, but we developed a safer 
alternative for laboratory use that does not use explo-
sives. (See Figure 2.)   
A ballista, or large cross bow, allows us to 
correlate imparted energy with penetration depth. By 
simply measuring the projectile’s mass and velocity, 
its kinetic energy can be readily calculated; 
Ke=1/2(mv2) and compared to its penetration depth.  





After studying the fundamental behavior of 
hollow projectiles we learned which design aspects 
were most effective in the penetration of low to me-
dium density target materials. We tested projectiles 
with a range of different characteristics including 
cross sections, mass, material, and tip geometry. The 
data we collected shows that tip geometry is not nearly 
as important in penetration as momentum. This fact 
leads us to design projectiles that are not light 
weighted and instead made of high density, high 
strength, high hardness materials. (See Figure 3.) This 
conclusion is corroborated by research done by Wil-
liam W. Anderson and published in the Journal of 
Geolophysical Research [1]. The effect of cross section 
is straight forward; larger cross sections require more 
energy and are less effective in penetration.  However, 
this fact must be balanced with the need to package 
required mechanisms, motors, and sensors into excee-
dingly small volumes. 
 
 
   Figure 3. 
After firing a sample collecting harpoon and 
capturing a sample, the next challenge is pulling the 
sample cartridge back to the spacecraft and stowing it 
in the return capsule.  Conceptually a tether, 
telescoping boom, or robotic arm can be used for the 
back end of the retrieval system.  We are developing a 
test facility that will allow us to study the best 
combination of methods for retrieval. (See figure 4.)  
We have also studied tether behavior and created ana-
lytical models that we will match to our empirical 
results. The facility is a 20 ft. concrete block tower, 





        Figure 4. 
 
 
The tower was constructed in a remote 
location near Goddard Space Flight Facility and offers 
an ideal environment for safe testing of projectile free 
flight, tether payout, and retrieval systems. When 
completed, this facility will allow Goddard to be a 
leader in the development of sample retrieval instru-
ments, increasing our knowledge of the solar system’s 






[1] W. W. Anderson, T.J. Ahrens, A. Gibson, R. 
Scott, K. Suzuki (1996) JGR, 101 21,137-21,149. 
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Introduction: Laser remote sensing has played a key part 
in the success of planetary missions. Laser altimeters such as  
LOLA, MOLA, MLA, NLR and GLAS have created detailed 
high-accuracy digital elevation maps of planetary body sur-
faces, while lidars, such as Phoenix and CALIPSO (as well 
as MOLA and GLAS) have studied atmospheric clouds and 
aerosols. CALIPSO has also demonstrated that the near sur-
face of oceans can be probed with lasers from space. In situ 
laser probes such as on the Venus Particle Sounder and on 
the Mars Science Lab provide unique characterization of 
particles and materials. These successes only “scratch the 
surface” of the laser’s full potential to enable new scientific 
measurements. New laser-related technologies will enable 
new instrument concepts that will help advance our know-
ledge of the solar system. 
 
 Background: A new laser instrument for space 
that exemplifies the  the “Electronically Steerable Flash Li-
dar (ESFL)” developed and demonstrated under an NASA 
Earth Science Technology Office (ESTO) grant.[1,2] ESFL 
is an example of a broader class of laser altimeters/lidars that 
could be categorized as “adaptive”. Figure 1 shows an illu-
stration of the approach.  The new technologies that contri-
bute to this new instrument approach include an acousto-
optic beam deflector (AOBD) which can split the laser into 
multiple sub-beams which can be independently (and accu-
rately) pointed and their amplitudes independently con-
trolled. A second new technology is the CMOS-based flash 
focal plane array which is made up of “smart pixels”, each of 
which has an independent high-speed timing network allow-
ing “time-of-flight” measurements enabling three-
dimensional imaging. A third enabling technology is the 
dramatic parallel  processing capability enabled by new gen-
erations of field programmable gate arrays (FPGAs) suitable 
for the space environment. These allow higher complexity 
control systems and algorithms to be run in real-time , i.e. at 
the typical tens of hertz frame rates of the laser and focal 
plane. This higher –level processing can also accept second-
ary  inputs from co-boresighted cameras and knowledge 
from the attitude control system and GPS (when available), 
as well as databases of past measurements or models (e.g. of 
surfaces) , and autonomously act on this broad sensor input – 
similar to the brain. 
 
The ESFL instrument concept offers a broad range 
of advantages over fixed-beam architectures. The laser is 
operated at a fixed power/thermal setting to maximize relia-
bility. But the output beam can be narrowed or expanded so 
that the back -scattered light from the scene is either concen-
trated on a single pixel or spread across the full focal plane 
(or anything in-between). The former allows the lidar to 
make measurements of distant objects, while the latter allows 
full three-dimensional imaging of the scene as the signal 
strength increases. The system is adaptive in that the laser 
light can be autonomously re-directed to fall in any “region 
of interest”. The region of interest can be broadly defined. It 
can be based on realtime analysis of the previous laser pulse, 
on the approaching scene as sampled by the passive imager, 
or on historical information stored in on-board databases 




Figure 1: An Electronically Steerable Flash Lidar block diagram; an 
example of an adaptive lidar. Two beam deflectors (hence “2D”)  
deflect the laser beam into a grid of up to 100 by 100 “spots” whose 
backscatter are imaged onto a flash focal plane array (transmitter and 
receiver optics are not shown). A three dimensional image of the 
scene is then created. 
 
The adaptive capability of the ESFL design can 
address different aspects of science measurements needed for 
future space missions. For example, when operated as a laser 
altimeter, the beam pattern can be matched to the natural 
spatial scales of the surface being studied. The number and 
characteristics of the “cross-overs” used in elevation map-
ping can be varied (even as a function of latitude), and signal 
saturation due to varying surface albedo or range variations 
can be eliminated. As a lidar, it can autonomously reconfi-
gure and point its beam to regions of possible above ground 
plumes. As a landing sensor, it can change its beam configu-
ration (e.g. going from a single pixel, to a pushbroom, to a 
box) to optimize the signal-to-noise as a function of the de-
creasing range and approach angle. Similarly, it can be used 
during rendezvous and approach with space objects, autono-
mously transferring from a search mode, to a track and align, 
and finally to a full imaging mode. These are just a few ex-
amples of the advantages, but they do illustrate that new 
technologies combined with dramatic advances in realtime 
processing capability can offer new paths to scientific explo-
ration.  
 
Development Status: A demonstration unit of 
ESFL (see Figure 2) was completed in 2008-2010 under 
ESTO funding and completed three weeks of airborne testing 
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across the United States for the application of forest mapping 
for biomass estimates. [1,3] Additional flight testing of adap-
tive control algorithms are ongoing. The NASA Airborne 
Instrument Technology Transition (AITT) program funded 
ESFL to advance from a demonstration unit to a “facility 
instrument” for use by science investigators. This work will 
be completed in 2012, including additional aircraft flight 
testing for different types of scenes.  
 
 
Figure 2: The ESFL demonstration unit used for aircraft testing. 
This unit utilizes a single acouto-optic beam deflector.  
 
Figure 3 shows the backscatter image from the ESFL li-
dar beams projected on the ground from a plane flying at 300 
m altitude. Ten individual beams have been projected and 
the backscatter of each  is imaged onto a 12 x 12 pixel region 
of the focal plane. This approach allows fine and coarse spa-
tial scales to be measured for each laser pulse. The number 
of beams and angles can be changed for each laser pulse. 
 
Figure 3: Scatter from the earth when flying over at 300 m and 
projecting a ten beam “pushbroom” pattern. Surface albedo varia-
tions vary the intensity of the return signal (color bar – arbitraty 
units) 
 
 In Figure 4 the passive camera image of a shore-
line is evaluated in realtime by an ESFL onboard algorithm 
in both color and roughness of the scene. The algorithm 
identifies the shoreline as the “region of interest” and com-
mands the lidar to point a beam slightly offshore. The air-
craft speed and orientation is compensated for using an inte-





Figure 4: A dual image showing a visible camera image and a lidar 
camera image where only one laser spot has been commanded. The 
realtime algorithm operating on the visible camera image is used to 
identify the water/land interface and command the lidar to point just 
offshore. The wind roughened water scatters the laser.  
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Introduction:  
We propose to develop PISCES, a 3kg, 2W, flight-
capable microfluidic lab-on-a-chip capillary electro-
phoresis analyzer that is capable of injesting solid, 
liquid, or gas samples and performing a suite of chem-
ical analyses with parts per trillion sensitivity. This 
system would be a general purpose analytical system 
for in situ planetary exploration.  For analysis of gases 
or liquids, the system would be capable of actively 
acquiring samples via a needle inlet. In addition to 
acquiring samples from the environment, gaseous ef-
fluent from other instrument systems such as pyrolysis 
GC-MS could also be analyzed by bubbling through a 
liquid solvent and then analyzing dissolved content. 
Solid samples would have to provided by an external 
system in powder form and dumped into a funnel atop 
the unit. Our technology builds upon the foundation 
laid by the Mars Organic Analyzer systems conceived 
and developed at UC Berkeley. However, it would 
extend this technology intended for Mars in a number 
of critical aspects, making it applicable to Titan and a 
variety of other planetary environments.  These en-
hancements include: 
1) It would be completely autonomous, performing 
sample handling for itself and possibly other in-
strument systems. 
2) It would have an expanded range of chemical tar-
gets. 
3) It would have a reliable means for storing all rea-
gents required for analysis in dried form. 
4) It could handle samples in multiple forms, includ-
ing solids, liquids, and gases. 
5) It could operate over a wide range of ambient tem-
peratures and pressures. 
 
Background: 
NASA’s solar system exploration goals, particular-
ly in the growing field of astrobiology [1], involve 
investigations of the composition of matter present on 
a variety of planetary bodies for which sample return 
missions are not practical or affordable (e.g. Europa, 
Titan, etc.).  For these targets, in situ analyses are the 
only feasible option, and are ideally addressed by in-
struments capable of wet-chemical analyses of com-
plex mixtures on planets, moons, and primitive bodies. 
Instrumentation of this kind must be capable of auton-
omous function aboard a robotically controlled vehicle 
that collects data and relays it back to Earth.  Due to 
the low power, mass, and volume requirements and 
extreme sensitivity enabled by lab-on-a-chip analyses, 
microcapillary electrophoresis is uniquely suited to 
meet these analytical needs. Although this technology 
can be adapted for a variety of different Solar System 
targets (including Titan, Europa, Enceladus, etc…), the 
bulk of development efforts to date have focused on 
the Mars Organic Analyzer (MOA), a portable micro-
chip capillary electrophoresis instrument developed for 
ultrasensitive biomolecular analysis on Mars. In this 
contribution we discuss recent developments in the 
MOA technology that would enable its implementation 
on a host of missions to a variety of destinations in our 
solar system. 
Mars Organic Analyzer (MOA) technology [2] has 
demonstrated extremely high sensitivity (sub-pptr to 
ppb) to multiple organic compound classes, including 
amines, amino acids [3], aldehydes, ketones [4], car-
boxylic acids [5], and polycyclic aromatic hydrocar-
bons [6]. This technology, developed at UCB (MOA) 
and under further maturity development at JPL 
(PISCES), utilizes microchip capillary electrophoresis 
with laser-induced fluorescence detection. Laboratory 
prototypes using off-the-shelf parts consume low pow-
er (~15W) and minimal reagent (<100 µL/analysis) 
and have low overall mass (~11kg) and volume 
(<14,000 cm3). 
Recent Enhancements in Chemical Analysis: 
We seek to develop an instrument capable of creat-
ing inventories of a broad range of different organic 
molecules at extremely high sensitivity. Hence we 
have broadened the scope of molecules analyzed by 
previous MOA technology to include other organic 
compound classes which may be essential to elucidate 
chemical processes on other worlds, or to fingerprint 
life. For example, thiols are a class of organic mole-
cules that have been implicated in the origin of life on 
Earth and may provide information on the biotic or 
abiotic chemical processes that have shaped extrater-
restrial locations. We developed a PISCES-compatible 
analytical method for thiols using the fluorescent probe 
Pacific Blue malemide. This method yielded pptr lim-
its of detection, and enabled the quantitative composi-
tional analysis of dissolved thiols in samples from geo-
thermal pools at Hot Creek Gorge, CA [7]. 
We have also developed a new method for the 
analysis of long chain amines using microchip capil-
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lary electrophoresis. This method also yields pptr sen-
sitivity and provides baseline resolution of species 
differing by only 2 carbons for chains containing up to 
18 carbon atoms. Additionally, for this method, we 
used a non-aqueous solvent, ethanol, which enabled 
analyses at significantly reduced temperatures. This is 
the first ever reported example of microchip non-
aqueous capillary electrophoresis (µNACE), and also 
the first report of chip based CE separations performed 
below zero Celsius. We demonstrated analyses down 
to -20°C, and expect to be able to conduct analyses at 
much lower temperatures (<-80°C), enabling analyses 
at Mars ambient temperature, or atop the battery por-
tion of a Titan payload [8]. Representative data show-
ing the temperature dependence of separations is given 
in Figure 1.  
 
Figure 1. Examples of the first microchip CE analyses per-
formed below zero Celsius. These separations are of long 
chain primary amines using ethanol as the running buffer. 
This is the first reported example of microchip non-aqueous 
CE (µNACE) separations. We have also performed separa-
tions using solutions comprised of DMSO and DMF. 
 
Our non-aqueous microchip capillary electrophore-
sis (µNACE) method was applied to the analysis of 
Titan analog samples (tholins) to demonstrate the fea-
sibility of in situ implementation on Titan. Shown in 
Figure 2 are some representative analyses on different 
tholin samples before and after exposure to oxygen or 
liquid water. The changes in electropherogram “fin-
gerprints” can be clearly correlated to sample oxida-
tion. This study demonstrates how this sort of analyses 
on Titan’s surface could provide information about the 
role of oxidation of organics produced in the atmos-







































































Figure 2. Non-aqueous based microchip capillary electro-
phoresis (µNACE) analyses of tholins, i.e. Titan aerosol 
simulants, (black) and the same samples exposed to oxygen 
and liquid water (gray). The electropherogram “fingerprints” 
shown here change in response to exposure to different 
chemical environments. (A)  Type I tholin sample.  The ap-
pearance of peaks before the ammonia peak suggests the 
formation of multiply charged species.  (B)  Type II tholin 
sample.  No new peaks are observed and there are only minor 
changes in existing peak intensities, suggesting that the five 
years of exposure to ambient conditions were sufficient to 
fully chemically alter the sample.  Separation buffer is 50 
mM ammonium acetate and 1.05 M acetic acid in ethanol.  
The starred peak (*) is a contaminant present in all samples, 
blanks and controls. 
 
Of course, for any analytical method that relies on 
chemical reagents, there is concern about storage and 
stability of reagents.  To acquire the extreme (parts per 
trillion) sensitivity desired for planetary exploration, 
our approach employs laser induced fluorescence of 
dyes that react specifically with different organic mol-
ecules.  Hence we demonstrated that we can dehydrate 
and rehydrate reagents on PISCES-compatible micro-
devices and obtain nearly quantitative recovery (~ 
98%). We additionally characterized the hydrolysis 
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rate of the Pacific Blue fluorescent probe, and found 
optimal storage conditions at pH 4 (Figure 3), enabling 
usage of each aliquot of this reagent for approximately 
four Earth days [9].  PISCES would utilize a library of 
dried dyes such as this (a different dye for each molec-
ular class), that could be dissolved in liquid when a 
particular type of analysis was required. Functionally, 
this library would be similar to a miniaturized, dried 
out ink-jet printer cartridge that plugs into the top sur-
face of the chip.  The solution dehydration and rehy-
dration process is analogous to making a glass of Tang 
(another noteworthy NASA-related innovation) but on 
a much smaller scale. 
 
Figure 3. Dyes used for µCE can be hydrolyzed by water 
over time. Here we show the half-lives of PB succinimidyl 
ester (PBSE) at various pH values.  By programming the 
microfluidic system to reconstitute this dye using pH 4 buff-
er, we enable the use of each aliquot for many days.  
 
Recent Developments in Instrumentation: 
In PISCES technology, microfluidic manipulation 
is accomplished using pneumatically actuated mono-
lithic membrane valves. Initial microchip demonstra-
tions were accomplished using polydimethylsiloxane 
(PDMS), which exhibits good elasticity and adherence 
to glass. However, certain properties make it unsuita-
ble for space-flight applications, including chemical 
and gas permeability, and the tendency to permanently 
bond to the discontinuity in the fluidic layer when not 
actuated for long time periods (months). Therefore, we 
developed methods to fabricate devices with Teflon® 
and Fluorocur™ perfluoropolyether (PFPE) and suc-
cessfully demonstrated these membranes in multi-
wafer stack fluidic manipulation devices. These fluori-
nated membrane based devices maintain performance 
after repeated thermal cycling, exhibit good chemical 
resistance, and enable flight-ready devices [10,11]. 
While initial chip designs enabled successful sam-
ple routing, the sample still had to be processed by 
hand before introduction to the microdevice. For in situ 
planetary investigations, this is not possible. Hence we 
developed a microfluidic architecture that enabled au-
tomated sample labeling, serial dilutions, and autono-
mous analysis of fluidic laboratory standards contain-
ing amines and amino acids [12]. 
! 
Figure 4. General purpose microfluidic architecture uti-
lized for performing arbitrary fluidic manipulations on chip. 
 
While the above-mentioned device demonstrated 
fully autonomous fluidic sample processing and analy-
sis of one compound class, a new design was required 
for the automated analysis of all compound classes in 
our chemical arsenal. To this end, we characterized 
device performance based on multiple factors includ-
ing operational protocols and fluidic resistance be-
tween microvalves and reservoirs [13]. We developed 
a set of design rules and a novel, general purpose mi-
crofluidic processor based on these rules. This proces-
sor has a dense-packed network of microvalves at its 
core, is capable of automated analysis of all target 
compound classes, and can be reprogrammed in re-
sponse to unexpected sample compositions (Figure 4). 
Additionally, we have proof of concept for manipu-
lating powdered solids on chip (Figure 5). We are de-
veloping this technology further to include liquid-
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Figure 5. Photographs of on-chip transfer of powdered solid 
sample from a reservoir using on-chip microvalves.  Slurries 
can also be manipulated as well. Using this technology, 
PISCES could rehydrate its own dried reagents (analogous to 
“making Tang from flavor crystals”), and also perform ex-
tractions from solid samples on chip. 
To increase the TRL level of our chip-based tech-
nology, we sought to further miniaturize the packaging 
of all necessary off-chip instrumentation. To this end, 
we designed the “Chemical Laptop” (Figure 6), a com-
plete battery powered prototype that can operate our 
chip devices in order to perform fully automated anal-
ysis of all targeted compound classes on fluidic and 
solid samples. This instrument is the size and weight of 
a large laptop, and incorporates a touch-screen user 
interface to be compatible with a general user conduct-
ing astrobiological or other investigations in the field. 
A provisional patent is in place [14], and prototype 
development is underway via SBIR funding.  
 
Figure 6. The Chemical Laptop. This system accepts a 
microchip stack in the same way that a conventional laptop 
accepts a DVD, and is capable of performing all the analyses 
described previously. The microchip has a reprogrammable 
layout for chemistry experiments given in Figure 4. This 
system is intended for widespread use on Earth, but could 
also be used by astronaut explorers as well. It can also be set 
up to run automated analyses in the absence of a human op-
erator.  
Summary of Proposed PISCES Instrument: 
We propose to repackage Chemical Laptop tech-
nology for general-purpose use in in situ planetary 
exploration. By removing the “user friendly” design 
constraint required for a commercial instrument, the 
system can be reduced to a <3 kg mass that can fit in-
side a 17.5 cm diameter, 9 cm tall cylinder and uses a 
time average of ~ 0.5 W (2  W peak) power. PISCES 
(Figure 7) could take as inputs gas, liquid, or solid, and 
analyze with parts-per-trillion sensitivity the sample’s 
amine, amino acid, short peptide, aldehyde, ketone, 
carboxylic acid, thiol, and polycyclic aromatic hydro-
carbon content. It could also perform sample handling 
operations for other instrument subsystems and is ex-
tremely well-suited to meet the scientific needs of fu-
ture missions of solar system exploration. 
 
Figure 7. Design for PISCES, a flight-build µCE instrument 
that incorporates all the science and technology described in 
this contribution. Solid samples are delivered to the instru-
ment via funnels and processed on-chip. Liquid or gaseous 
samples can be drawn into the system via capillary tubing 
shown at the left. This proposed instrument could be built 
today utilizing off-the-shelf, well-known components, utiliz-
es a time-average of 0.5 W (2 W max) during operation, and 
weighs less than 3 kg. 
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MINIATURIZED HOLLOW-WAVEGUIDE GAS CORRELATION RADIOMETER (GCR) FOR TRACE 
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Introduction: Gas correlation radiometry (GCR) 
has been shown to be a sensitive and versatile method 
for detecting trace gases in Earth's atmosphere [1, 2]. 
Here, we present a miniaturized and simplified version 
of this instrument capable of mapping multiple trace 
gases and identifying active regions on the Mars sur-
face.[3] Reduction of the size and mass of the GCR 
instrument has been achieved by implementing a 
lightweight, 1 mm inner diameter hollow-core optical 
fiber (hollow waveguide) for the gas correlation cell. 
Based on a comparison with an Earth orbiting CO2 gas 
correlation instrument, replacement of the 10 meter 
multipass cell with hollow waveguide of equivalent 
pathlength reduces the cell mass from ~150 kg to ~0.5 
kg, and reduces the volume from 1.9 m x 1.3 m x 0.86 
m to a small bundle of fiber coils approximately 1 me-
ter in diameter by 0.05 m in height (mass and volume 
reductions of >99%)[4, 5]. This modular instrument 
technique can be expanded to include measurements of 
additional species of interest including nitrous oxide 
(N2O), hydrogen sulfide (H2S), methanol (CH3OH), 
and sulfur dioxide (SO2), as well as carbon dioxide 
(CO2) for a simultaneous measure of mass balance. 
Instrumental Design: The miniaturized GCR has 
been designed as a modular instrument with a single 
module for each trace gas measurement. The current 
configuration contains four stacked modules (Figure 1) 
for simultaneous measurements of methane (CH4), 
formaldehyde (H2CO), water vapor (H2O), and deuter-
ated water vapor (HDO). The modules are self-
contained, and fundamentally identical; differing by 
the bandpass filter wavelength range and gas mixtures 
inside the hollow-waveguide absorption cells. Figure 2 
shows the optical layout of a single module. In this 
design, incoming sunlight that has undergone absorp-
tion by the trace gas is focused, modulated with an 
optical chopper, and re-collimated. That light is then 
passed through a narrow band filter that selects multi-
ple absorption features (lines) of the trace gas in the 2-
5 µm region. The wavelength range of the bandpass 
filter is selected to include the maximum number of 
lines of the trace gas of interest while excluding lines 
from interfering gases and other spectral features. Af-
ter passing through the bandpass filter, light is split 
into two channels with a pellicle beamsplitter. In the 
first channel, a sample of the trace gas is enclosed in a 
6 meter length hollow waveguide and is used as a 
spectral filter – effectively blocking atmospheric ab-
sorption by that species so that this channel is only 
sensitive to changes in solar flux. The second channel 
is either evacuated, or contains a relevant mixture of 
interfering species and is more sensitive to changes in 
atmospheric absorption by the trace gas. The ratio of 
these channels is sensitive to changes in absorption of 













Figure 1. Prototype GCR instrument showing 4 - 
stacked modules, each containing a channel to de-
tect a different trace gas. 
  
Figure 2. Optical layout of a single module of the 
gas correlation radiometer.  
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duplicate hollow core fibers both reduces etalon and 
fringing effects in the ratio, and removes interferences 
by absorption features at adjoining or overlapping 
wavelengths. Light in each channel is focused onto 
HgCdTe detectors. Signals are processed through lock-
in amplifiers referenced to the frequency of the optical 
chopper.  Data is handled and processed through cus-
tom Labview software.  
Relevance and Capabilities: Identifying active re-
gions in the Martian atmosphere is key to identifying 
future locations for lander and sample retrieval mis-
sions – and ultimately identifying whether these gases 
originate from geological sources such as gas seeps, 
active volcanism and serpentization reactions, or from 
the presence of extant life. Figure 3 identifies several 
pathways that may account for methane and formalde-
hyde production in the Martian atmosphere adapted 
from Atreya and Wong [6, 7] Isotopic ratios of water 
vapor will offer insights into the history, age, and 
depth of water.  
Expected capabilities of the four module instru-
ment in a Mars orbit are summarized in the table in 
Figure 4. These assume one second of averaging and 3 
km displacement along the satellite ground track. 
 
Preliminary Results: The detection limit for for-
maldehyde in the lab is slightly better than 3 ppm.  
This corresponds to a 30 ppb sensitivity in the Martian 
atmosphere. A change of 0.04 torr of methane is 
equivalent to an approximate change of 0.5 ppm meth-
ane in the Martian atmosphere. These early lab results 
are shown in Figure 5.  
Conclusions: This miniaturized gas correlation ra-
diometer implements hollow waveguides for gas corre-
lation cells.  Preliminary results indicate that a 1 ppb 
detection limit is possible for both formaldehyde or 
methane with one second of averaging. With non-
optimized components, we have demonstrated an in-
strument sensitivity equivalent to ~30 ppb for formal-
dehyde, and ~500 ppb for methane. Custom bandpass 
filters and 6 m long waveguides are expected to sig-
nificantly improve these promising results.  
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Figure 3. Key chemical pathways in the Martian at-
mosphere, adapted from Atreya and Wong. Right: 
Capabilities of the four-module instrument. 
Figure 4. Capabilities of the four-module instrument. 
Figure 5. Preliminary lab measurements for formal-
dehyde and methane.  
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Introduction:  Remote sensing and robotic explo-
ration of our solar system and exoplanetary systems 
can be enhanced with the inclusion of spectrophotopo-
larimetry as a complementary approach to standard 
techniques of imaging and spectroscopy. Since all ob-
jects have unique polarimetric signatures, like finger-
prints, much can be learned about the scattering object. 
I present several examples that highlight the impor-
tance of polarimetric analysis. 
Polarization:  When incident light is scattered by a 
particulate medium, the resultant polarized state of the 
electromagnetic radiation is described by Stokes ma-
trix, relating the total intensity, degree of polarization 
and shape parameters of the polarization ellipse and 
ultimately related to the properties of the scattering 
medium. Three ways to utilize polarimetic signatures 
relate to the science investigations of : (i) linear polari-
zation for the detection and characterization of the 
scattering medium; (ii) differential polarization to 
understand the changes in the scattering medium and 
(iii) circular polarization to identify biological activity. 
Solar System: In our own dynamic solar system, 
the study of linear polarization of reflected light by 
solar system objects (planetary atmospheres, satellites, 
rings systems, comets, asteroids, dust, etc.), adds a 
complementary dimension to space missions and 
ground-based observations, and provides insight into 
the scattering characteristics of aerosols and hazes in 
atmospheres and surficial properties of atmosphereless 
objects. Some examples are the identification of 
spherical droplets of sulphuric acid in the atmosphere 
of Venus [1], and dust storms and ice clouds on Mars. 
In the case of outer planets, although the phase angles 
available from earth to observe are limited to a very 
narrow range, measurements of linear limb polariza-
tion characterizes the variation of aerosol properties 
across the planetary disk.  Since methane is present in 
all giant planets’ atmospheres, limb measurements of 
linear polarization in various methane bands allow a 
direct measurement of the vertical distribution of aero-
sol and haze particles, complementary to direct imag-
ing and spectroscopy [2], [3] Polarimetric observations 
of atmosphereless objects (the Moon, planetary satel-
lites and asteroids) are diagnostic of the texture of the 
surface, and demonstrate that most of them have their 
surfaces covered with a regolith of fine material, a 
function of particle size and regolith packing density, 
also properties of the composition of the parent bodies 
[4]. 
Exoplanetary Systems: The recent explosion of 
identification of exoplanetary candidates by various 
missions (CoROT and Kepler) and ground-based ob-
servations, ranging from hot Jupiters to earth-like 
planets, and multi-planetary systems, illustrate that a 
variety of planetary systems exist beyond our solar 
system. Although various techniques such as radial 
velocity, pulsar timing, and transits identify exoplane-
tary candidates, characterization of their atmospheres 
requires identification of atmospheric species, via ei-
ther direct detection or spectroscopic observations and 
modeling. A complementary method, measurement of 
linear polarization of reflected starlight by exoplanets, 
provides both their detection and characterization of 
the atmosphere. The polarimetric detection of a Nep-
tune-like exoplanet by [5] illustrates the need for a 
dedicated observing and modeling approach to 
exoplanetary systems. Our solar system, therefore, 
provides a dynamic laboratory and template to detect 
and characterize exoplanetary systems [6]. 
Astrobiological Activity:  Chirality or handedness 
is a property of molecules that exhibit mirror-image 
symmetry (similar to right and left hands). All known 
biological activity and all life forms on earth are chiral 
and pre-dominantly left-handed. This property can be 
investigated by measuring the circular polarization 
componet of its polarimetric signature. Right- or left-
circularly polarized ligh will be right- or left-handed 
chirality. The search for the emergence of habitability 
in the solar system and exoplanetary systems can be 
enhanced by the measurement of cicular polarization 
of comets; planetary and satellites’ atmospheres and 
asteroids. 
Future of Polarimetric Observations: The cur-
rent arsenal of ground-based facilities, instrumentation, 
space missions, development of vector radiative trans-
fer and related laboratory measurements are lacking or 
not mature yet. Therefore, inclusion of polarimetric 
remote sensing and development of spectropoalrime-
ters for ground-based facilities and instruments on 
space missions is needed.  
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Introduction: In general, there are five different 
ways of subsurface investigations and sample acquisi-
tion. There is a trade between science payoff and mis-
sion complexity or risk. We have been developing all 5 
types of subsurface access systems.  
 
Figure 1. Complexity vs. Science Payoff of the five 
subsurface exploration approaches. [1] 
Surface Coring Drills: Honeybee Robotics devel-
oped four different core acquisition drills. These in-
clude MiniCorer, Corer-Abrader Tool, SASSI, 
ROPEC, and NanoDrill. The first two are rotary, while 
the latter three are rotary-percussive.  
 
  
Figure 2. Surface Coring Drills (Clockwise from 
top): MiniCorer, Corer Abrader Tool, SASSI de-
ployed off MDA Robotic Arm, RoPeC, and 1 kg 
NanoDrill. [2, 3] 
These core drills reached TRL of 5/6 and weight 
from ~1 kg to 5 kg. All five systems are fully autono-
mous and once preloaded against a rock, can drill into 
a rock, break the core, capture the core, and in some 
cases (MiniCorer, CAT, RoPeC) push the core into the 
tray. SASSI and RoPeC are designed to autonomously 
cash the cores and change the bits. The latest drill, 
RoPeC, will be able to acquire a basalt core, 1 cm di-
ameter and 5 cm long in approximately 5 minutes, with 
25 Newton Weight on Bit and <50 Watt of power. Mi-
croCorer will weigh ~1 kg and be able to gravity-eject 
cores using BigTooth bit design. 
1-meter Class Drill: IceBreaker [4] and Atacama-
Drill are next generation, single string, rotary-
percussive drills. These were designed to meet the 1-1-
100-100 matrix: 1 meter in 1 hour with 100 Watt of 
power and 100 Newton Weight on Bit. The IceBreaker 
drill was tested in vacuum chamber, Antarctica, and the 
Arctic. An integral part of these two drills is sample 
delivery system: pneumatic (point to point) and boom-
enabled. In the latter, a sample is captured as it is being 
augered to the surface and pneumatically moved direct-
ly into an instrument. In the latter one, the sample cap-
tured around the auger/bit, is dumped into a cup after 
the 3 DOF boom positions the drill above the cup. Ice-
Breaker Drill is at TRL 5 while the AtacamaDrill will 
be at TRL5/6 and will weigh less than 10 kg.  
  
Figure 3. Left: IceBreaker Drill deployed off 3 
DOF boom – in a sample delivery position. Right: 
AtacamaDrill on the CMU Zoe rover. 
Deep Wireline Drill: The AutoGopher is a wire-
line drill system enabling deep drilling limited only by 
the length of a tether. All actuators are packaged inside 
a tube of smaller diameter than a core bit itself. The 
Auto-Gopher acquires 5 cm diameter and 10 cm long 
cores and captures cuttings in a chamber above the 
core barrel. It is a rotary-percussive system, with per-
cussion being generated by JPL ultrasonic system. The 
drill has been successfully tested in limestone to a 
depth of 2 meters.  
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Figure 4. Progression of the Auto-Gopher into a 
2 meter block of rock [5]. 
Drill-integrated LIBS: Typical instruments for 
such in-situ analysis require that geological samples be 
brought to the instrument. The “bring-the-sample-to-
the-instrument” model has many limitations. For this 
reason, we are developing an alternative approach: 
bringing the instrument to the sample. Specifically, our 
approach uses downhole laser-induced break-down 
spectroscopy (LIBS) system, integrated into a 3 meter 
class drill. This approach allows profiling an entire 
borehole wall, centimeter by centimeter, from the top 
to the bottom.  
 
Figure 5. Drill integrated LIBS [6]. 
Sample Crushing, Sieving, and Metering: Preci-
sion Sample Metering and Distribution System 
(PSMDS), is an automated system for crushing, siev-
ing, metering, and distributing of samples to scientific 
instruments. The crushing is achieved via combined 
effect of compression and attrition. The subsequent 
sieving and transport of crushed powered into a meter-
ing device is done pneumatically. The sample is gravity 
fed into sample cups, and a vibrating feed tube allows 
accurate metering of sample volume. During the tests 
at Mars pressures, the metered samples averaged 0.234 
grams with standard deviation of 0.05 gram.  
 
Figure 5. Precision Sample Metering and Distri-
bution System. [7]  
Soil Acquisition and Transfer. The pneumatic 
sample acquisition and transfer system is purely pas-
sive way of acquiring a sample and moving it directly 
into a sample return capsule or an instrument. In the 
optimum geometry, it needs 1 g of gas at ~7 psia to 
deliver 6000 g of regolith. Size sorting is possible. 
Transfer gas can be used from the propulsion pres-
surant tank (He. There are two potential sampling ar-
rangements: 1) Soil tube fixed below a footpad or de-
ployed below a footpad after landing, 2) Soil tube flush 
with the footpad. In case 1, if the tube is not deployed, 
it would be deployed after touch down (triggered upon 
touch down). In both cases, after the touch down, gas is 
used to excavate and move the regolith via tube direct-
ly into an instrument within the lander. 
 
Figure 6. Pneumatic soil acquisition/transfer. [8] 
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Introduction: Future NASA astronomical observa-
tories will require long-life, mechanical cryocoolers for 
cooling bolometers, detectors, sensors, shields, and 
telescopes.  Missions include the Jupiter-Europa Orbit-
er (JEO), Wide Field Infrared Survey Telescope 
(WFIRST), Single Aperture Far-IR (SAFIR) Tele-
scope, Space Infrared Interferometric Telescope 
(SPIRIT), Submillimeter Probe of the Evolution of 
Cosmic Structure (SPECS), and the International 
X-Ray Observatory (IXO).  These missions are either 
to the outer planets or to the L2 Lagrange point, a  
metastable orbit located 1.5 million kilometers beyond 
earth’s orbit.  Here, the scientific payload can be  
effectively shielded from the sun and earth which  
reduces thermal noise and parasitics, but power is more 
difficult to generate due to the reduced solar flux.  
Consequently, payload power and mass are even more 
critical parameters for these observatories than for 
earth-orbiting satellites. 
The development of current cryocooler technology 
for space has been driven almost exclusively by satel-
lites in low earth and geosynchronous orbits where 
spacecraft heat rejection temperatures are typically 
300 K to 320 K.  The recently launched Planck obser-
vatory [1] and the future James Webb Space Telescope 
[2] will both operate in an L2 orbit, but will utilize 
cryogenic systems that reject most of their waste heat 
at temperatures near 300 K.  The process of pumping 
heat from an extremely low to high temperature is 
thermodynamically inefficient and results in excessive 
input power and payload mass.  Conversely, rejecting 
heat at cryogenic temperatures requires cryogenic  
radiators which increase in size inversely with rejec-
tion temperature to the fourth power.  These competing 
effects should be considered during payload trade  
studies, but the lack of an efficient cryocooler that can 
operate with a cryogenic heat rejection temperature has 
prevented meaningful mission studies in this area.  
Creare’s circulators and turboalternators have already 
been demonstrated on prior space programs to operate 
at cryogenic temperatures.  The application of our  
turbomachine technology to a cryo-compressor is an 
enabling technology and a natural extension of this 
prior work.  On this program, we plan to develop and 
demonstrate an innovative type of cryocooler: an  
Ultra-Low Power (ULP) cryocooler that utilizes a  
cryogenic heat sink. 
Cryocooler Overview:   The cryocooler concept  
is shown in Figure 1:  a single-stage turbo-Brayton  
cryocooler operates between a cryogenic heat rejection 
temperature and the primary load temperature. The key 
cryocooler components are a cryogenic compressor, a 
recuperative heat exchanger (i.e., recuperator), and  
a turboalternator.  The cryogenic compressor and  
turboalternator are gas-bearing turbomachines that are 
extremely reliable and produce no perceptible vibra-
tion.  The continuous flow nature of the cycle allows 
the cycle gas to be transported from the compressor 
outlet to a heat rejection radiator at the warm end  
of the cryocooler, and from the turboalternator  
outlet to the object to be cooled at the cold end of the 
cryocooler.  The unit shown in Figure 1 has been  
optimized to provide 300 mW of cooling at 35 K and 
requires 8.9 W of compressor input power at 150 K.  
The total system mass is 6.2 kg including electronics 
and cryo-radiator.  The cryocooler is designed to oper-
ate at cold end temperatures of 30 to 70 K, loads of up 
to 3 W, and heat rejection temperatures of up to 210 K 
by changing only the charge pressure and turbomachine 
operating speeds.  The enabling technology for this 
concept is a cryogenic compressor which has heritage 
to the NICMOS circulator.  The NICMOS circulator is 
a relatively low-speed cryogenic compressor that  
operates at a temperature of about 80 K.  To obtain the 
pressure ratio required for the ULP cryocooler, an  
increase in the circulator operating speed by a factor  
of 2.8 is required.  Recent advances in gas bearing  
technology at Creare have demonstrated the feasibility 
of a high-speed cryogenic compressor.  The planned 
program utilizes the results of these advances to pursue 
an innovative cryocooler configuration that is extremely 





Figure 1.  Ultra Low Power Cryo-Refrigerator 
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The cryocooler components are based on space-
qualified technology and have low development risk.  
The efficiency of the cryocooler is about 11% of the 
Carnot cycle, an extremely high value for a low ca-
pacity refrigerator. The total mass of the flight system is 
6.2 kg, comprising 2.8 kg for the mechanical cryocooler, 
1.0 kg for the cryo-radiator, 1.0 kg for integration 
hardware, and 1.4 kg for the control electronics. 
Cycle Configuration:  A schematic and thermo-
dynamic diagram of the cycle are shown in Figure 2.  
The cycle gas is neon.  A single cryo-compressor com-
presses the cycle gas from low to high pressure.  The 
cryo-compressor is powered and controlled by elec-
tronics that operate at a higher temperature, notionally 
300 K.  The heat of compression and losses associated 
with the cryo-compressor are rejected at cryogenic 
temperatures using a cryogenic radiator.  The recupera-
tor precools the high pressure gas from nominally 
150 K to nominally 35 K.  The refrigeration is pro-
duced by a turbine operating at 35 K.  The turbine  
mechanical work is converted to electrical power in an 
alternator and is then transferred up to 300 K where it 
is utilized by the electronics to control turbine speed 
and refrigeration load temperature.  The mechanical 
components are connected to each other using either 
standard rigid or flexible tubing, where the flexible 
tubing is used to facilitate integration.  The continuous 
flow nature of the cycle allows the cycle gas to be 
transported through tubing over significant distances to 
the objects that are cooled with high conductance and 
without using secondary flow loops or heat straps.  
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